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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Cryptosporidium parvum is a prevalant cause of diarrhea in calves and humans. 
Calves infected with C. parvum shed numerous oocysts onto pastures which may drain into 
watersheds. These watersheds are a potential source of infection for humans (14,30,108,121) 
Currently there are no effective means of prevention or treatment for C. parvum infection. A 
better understanding of the immune responses of mice and calves to C. parvum infection could 
lead to the development of vaccines or treatments. 
C. parvum is an intracellular protozoan parasite that predominately infects enterocytes 
of the distal ileum, cecum, and proximal colon. Considering its' location within the intestinal 
mucosa and within the cell, cell-mediated mucosal immune responses are likely of major 
importance in the immune response to this parasite. Within the intestinal mucosa, numerous 
lymphocytes are located between and in close proximity to enterocytes which may become 
infected with C. parvum. These lymphocytes are termed intra-epithelial lymphocytes (IHL). 
It is probable that TEL are involved in the host response to C parvum infection. 
The type of immune response elicited by a particular pathogen is highly influenced by 
the type of T-cells responding to this pathogen. T cells can be divided into two major types 
based upon T-cell-receptor chains expressed on their surfece. Those which express a and P 
chains are termed a|3 T-cells whereas those which express y and 5 chains are termed y6 T-
cells. Both a3 and y5 T-cells are found witWn the intestinal mucosa. The specific roles for 
each of these two types of T-ceUs in many enteric infections (i.e., C. parvum) have not yet 
been determined. These two types of T-cells also influence other non-immune cells within the 
intestine. For instance, mice which lack either ajJ or y5 T-cells have a hyper- or hypo-
proliferative intestinal mucosa, respectively (61,86). Thus, it is of interest to infect mice 
deficient of either aP or y5 T-cells with C. parvum to examine; (a) the role of aP and y5 T-
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cells in the immune response to C. pannan infection, (b) the role of a3 and yS T-cells in 
enteric homeostasis during the response to an insult with an enteric pathogen. 
Mice and calves have an age-dependent susceptibili^ to C poarvum infection (47,120). 
The young are more susceptible than adults. mice, naive adults Oe. mice without prior 
exposure to C. parvtm) are not susceptible to in&ction (50,120). Evidently, changes within 
the intestinal tract occur with age that render adult mice resistant to C. pannan infection. The 
nature of these changes are not clear. Th^ could be associated with a change in intestinal 
microflora, maturational status of the intestinal epithelium, or inmiune status. Polyamines Qe., 
putrescine, spermine, and spermidine) are products of ornithine metabolism known to have 
potent effects on cellular fimctions (135). Within the intestine, polyamines are produced by 
cells within the intestinal mucosa as well as by intestinal microflora (79). Polyamines 
administered within the intestmal lumen enhance maturation and proliferation of intestinal 
epithelial cells (79,119). Presumably, orally-administered polyamines could also influence 
immune cells within the intestinal mucosa. Thus, we wish to determine if polyamines alter the 
susceptility of mice and/or calves to C pannan infection. 
Dissertation Organization 
This dissertation includes five manuscripts. The manuscripts are preceded by a general 
introduction chapter and followed by a general conclusion chapter. The first two manuscripts 
of this dissertation are a characterization of lEL of calves according to phenotype (chapter 2) 
and mitogen-induced blastogensis/IFN-y production (chapter 3). The third manuscript 
(chapter 4) examines the roles of and yS T-cells in the susceptibility and immune clearance 
of C pannan infection of mice. The fourth manuscript (chapter 5) fiirther characterizes C. 
pannan infection in aP-T-cell-deficient mice. This chapter describes the inflammatory 
intestinal lesions induced by persistent infection. The final manuscript of this dissertation 
(Chapter 6) shows that oral administration of putrescine decreases C. pannan colonization of 
mice and explores possible mechanisms of this decreased susceptibility. The general 
introduction includes a literature review of the immunology of C. panmm infection, lEL of 
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mice and calves, e3q)erimental infections of mice genetically deficient of a3 and yS T-cells, and 
a short review of inflammatory bowel disease (BBD) and polyamines (especially putrescine). 
The general conclusion chapter includes a model for the cellular mucosal immune responses to 
infection with C. parvum as well as suggestions for future research. References to cited 
p^ers within each ch^ter are included at the end of each of the respective chapters. 
Literature Review 
Cryptosporidium immunology 
The genus Cryptosporidium was first described in 1907 (129) and the species C. 
parvum in 1912 (130) by E£. Tyzzer. There are two species of Cryptosporidium recognized 
which infect mammals; C. parvum and C. muris (99). Of the two species, C parvum is more 
commonly diagnosed and of more clinical significance. C parvum is in the phylum 
i^complexa. Other closely related apicomplexan genera include Eimeria, Isospora, 
Cyclospora, and Plasmodium (the causative agent of Malaria). C. parvum infects mainly 
enteroqrtes of the distal ileum and cecum. In the immunocompetent host, C. parvum causes a 
self-limiting diarrhea. In the immunodeficient host, it often causes a persistent and life-
threatening infection (25). The inmiune response is obviously key in limiting infection with C. 
parvum. However, very little was known about the immune response to C. parvum until the 
early 1980's. At this time, pathogens affecting AIDS patients (i.e., C. parvum) began to be 
more closely studied. Many studies examining immune responses and potential treatments for 
C. parvum infection have been subsequently funded. 
The majority of studies examining the immune response to C. parvum infection have 
been performed using mice as the experimental animal In 1982, Sherwood et. al. first 
described C parvum infection of laboratory mouse strains (120). They described an age-
related susceptibility of mice to C. parvum infection; mice challenged at 4 days of age were 
heavily colonized whereas mice challenged at 21 days of age were only lightly colonized. The 
age-dependent susceptibility to C. parvum infection suggested that non-specific immune 
mechanisms are important in the resistance to C. parvum infection. However, during this 
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period of time, it was also known that AIDS patients were susceptible to persistent and life-
threatening infections with C. parvum. Since AE)S patients have decreased numbers of T-
helper cells, it was inferred that specific immune responses must also be involved in the 
resistance to and clearance of C. parvum infection. This hypothesis was confirmed with a 
study which showed that persistent and severe C. parvum infection develops in mice which 
lack T-cells (athymic) challenged with C. parvum (SO). So, even as eariy as the mid-l980's, it 
was known that there are both non-specific and specific components necessary for the 
proficient clearance of and subsequent resistance to C. parvum infection (87). 
Age-dependent resistance in laboratory mice occurs at approximately 3 weeks of age 
(120). Interestingly, this resistance coincides with the acquisition of a mature intestinal 
microflora. To test the hypothesis that intestinal microflora have a role in the colonization of 
mice with C. parvum. Harp et. al. challenged adult germfree, antibiotic-treated, and 
conventional mice with C. parvum (43). Of the 3 groups, only the germfi-ee mice were 
susceptible to colonization. Since the adult germfi-ee mice were susceptible and antibiotic-
treated mice were resistant, previous colonization of the intestinal tract by bacteria had 
induced a change which conferred resistance. The nature of this change is unclear. In another 
study, adult conventional severe combined immimodeficient (SCID) and germfi'ee SCID mice 
were challenged with C. parvum (40). SCID mice lack both T- and B-lymphocytes and are 
susceptible to C. parvum infection as adults (62,83). In this study, germfiree SCID mice were 
more heavily infected and at an earlier time point than conventional SCID mice. In an 
extension of this study, germfi'ee SCID mice treated with lactic acid-producing bacteria were 
less heavily colonized by C. parvum (20). Together, these studies suggest that nonspecific 
mechanisms induced by the intestinal microflora can influence the intensity of C parvum 
infection. 
The age-dependent susceptibility to C. parvum infection for calves and Iambs is not as 
distinct as it is for mice. Calves not previously exposed to C. parvum remain susceptible to 
infection imtil at least 3 months of age (47). Naive lambs also remain susceptible until at least 
56 days of age (102). However, with both calves and lambs, the severity of infection 
decreases with age (47,102). In the natural setting, it is likely that both calves and Iambs 
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become infected as neonates and acquire protective immunity which prevents re-infection at a 
later age (47,90,102). 
T-cell-mediated specific immune responses are essential for clearance of C. parvtan 
infection. Mice lacking T-cells become persistently infected. (50,62,83,132). Several studies 
have clearly defined roles for CD4+ T-cells (helper T-cells) and interferon-y (IFN-y) in 
limiting C. parvum infection (12,13,133). In these studies, noitralizing antibodies were used 
to block specific cell types or cytokines in vivo. Mice depleted of either CD4+ cells or IFN-y 
had increased duration or severity (respectively) of infection as compared to control mice 
Deletion of other T-cell subsets ^.e. CD8+ cytotoxic/suppressor T-cells) and cytokines did 
not affect the response, another study, persistently-infected SCID mice receiving either 
total splenocytes, CD8+ splenocytes, or CD4+ splenocytes fi-om immunologically normal mice 
all had reduced infection rates as compared to control mice (107). However, the mice 
receiving CD4+ spleen cells had the highest reduction in infection. The importance of 0)4+ 
cells was confirmed by a study which used gene-knockout-mice (1). In this study, mice 
deficient in major histocompatability class (MHC) II antigens (lacking CD4+ T-cells) became 
persistently infected with C parvum whereas mice deficient in MHC class I antigens packing 
CD8+ T-cells) were able to clear the parasite in a similar manner as immimologically normal 
mice. MHC class Il-deficient mice were also susceptible to C. pcrvum infection as adults. In 
another experiment, splenocytes fi-om C /wrvwm-®q)osed mice produced IFN-y and IL-2 but 
not IL-4 in response to C. parvum antigen (45). Helper T-cell responses can be characterized 
by the type of cytokines produced. The major cytokines produced with T-helper type-1 (TH-
1) responses are IL-2 and IFN-y whereas with T-helper-2 (TH-2) responses they are mainly 
IL-4, IL-5, and IL-10. Thus, these studies suggest that a CD4+ T-cell TH-1 of response is 
induced by C parvum infection and that this type of response protects against subsequent 
infection. 
Recently, another experiment has provided fiirther evidence supporting the need for a 
TH-1 response in limiting C. parvum infection (134). In this study, neonatal BALB/c and 
SCID mice were treated with IL-12 or saline prior to challenge with C. parvum. IL-12 
treated mice did not become infected whereas saline treated mice did become infected. 
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Fuithennore, this effect was blocked by treatment with anti-IFN-y mAb. Thus, it appears that 
1L-I2 treatment prevents infection by inducing IFN-y. Treatment of mice with established 
infections with IL-12 did not diminish their infection. However, treatment of these mice with 
anti-IL-12 mAb did exacerbate their infections. Since n^l2 promotes a TH-l response in 
mice, these findings further substantiate the hypothesis that a IH-1 response protects against 
C. parvum infection of mice. 
Cell transfer studies and in vitro assays of isolated mononuclear cells are often used for 
examining the kinds of cells and/or cytokines involved in the immime response to certain 
pathogens. These types of studies have been useful for the study of the immune response to 
C. parvum. For instance, persistent C. parvum infection of SCID mice can be diminished 
(80,107) or resolved (12) by transfer of spleen cells fi-om non-C. parvum exposed mice. In 
addition, this resistance is dependent upon the presence of CD4+ cells within the transferred 
cell population. However, transfer of splenocytes, mesenteric lymph node ceUs, or cells or 
supematants fi'om in vitro mitogen-stimulated cultures fi'om adult mice resistant to C. parvum 
infection does not confer resistance to conventional neonatal mice (44). Thus, resistance can 
not be conferred to neonatal mice by transfer of splenocytes or mesenteric lymph node cells 
from resistant adult mice. It is possible that not enough C. parvum-sped&c lymphocytes were 
transferred to provide resistance. There is evidence that few C. /wrvwn-specific T-cells are 
located within the spleen or mesenteric lymph nodes of immime mice. Neither splenocytes or 
mesenteric lymph node cells from single inoculum challenged mice exhibit antigen-specific 
blastogenesis whereas splenocytes but not mesenteric lymph node cells from multiorally C. 
parvt/m-challenged mice demonstrate antigen-specific blastogenesis (140). Also, 
blastogenesis, IFN-y production, and the phenotype of splenocytes obtained from C. parvum-
infected and non-infected 1, 2, 3, and 4 week old mice are similar (42). Thus, lymphocytes 
are necessary for clearance of and subsequent resistance to C. parvum infection however they 
are not sufficient to provide resistance to primary infection of neonatal mice. 
Unlike T-cell-mediated immune responses, there is no clear evidence that humoral 
immune responses are necessary for the resistance to or clearance of C parvum infection. 
Mice develop good Ig^M and IgG serum antibody titers with C. parvum infection yet there is 
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no correlation of this antibody response to severi^ or duration of infection (126). bifection 
dynamics of B-cell-depleted mice are similar to controls (126). Calves and lambs develop 
good specific antibody titers to C. parvum, however this antibody is not protective (101,141). 
AIDS patients develop C. pannan-spea&c mucosal antibody responses, yet M to clear the 
parasite (3). Some evidence suggestive of a role for antibody in C. parvum infection include; 
(a) it has been observed that breast-fed human infants have a lower prevalence of C. parvum 
infection as compared to formula-fed in&nts (51,75), (b) C. parvtmi-infected SCID mice 
receiving monoclonal antibodies to infective stages of C parvum have decreased colonization 
as compared to controls (106), (c) AIDS patients receiving hyperimmune bovine antisera to 
C. /jorvwm shed fewer oocysts and improve clinically while receiving the treatment yet relapse 
once treatments are stopped (93,122), (d) calves fed hyperimmnune colostrum have decreased 
oocyst shedding and duration of diarrhea as compared to controls (23). Other studies suggest 
that passive immunity does not afford any protection. For instance, colostrum containing 
antibody to C. parvum did not protect calves fi-om e^rimental challenge with C. parvum 
(46) and anti-cryptosporidia antibody from bovine colostrum failed to alter the course of C. 
parvum infection in AIDS patients (117). With mice, passive immunity from immune dams 
did not protect suckling pups from experimental challenge with C. parvum (88). Also, SCID 
mice receiving immime bovine senmi orally were not protected from initial infection or able to 
clear an existing infection (127). Thus there are conflicting data concerning the role of 
antibody in C. parvum infection. One hypothesis is that C. parvum specific antibody within 
colostrum or milk passively binds sporozoites or merozoites within the intestinal lumen and 
prevents their attachment to enterocytes; thus, dampening the infection. However, passive 
immunity to C. parvum is only transient and it does not provide lasting immunity. 
The immime responses of calves to C. parvum infection have not been examined as 
extensivdy as responses of mice to C. parvum infection. Wyatt et. al. (143) compared the 
phenotypes of lEL and lamina propria lymphocytes (LPL) of C. /wrvwrn-infected and age-
matched control calves. Th^ found that there were increased numbers of CD8+ cells and 
decreased numbers of MHC class 11+ cells in both lEL and LPL of infected calves as 
compared to the same compartments of control animals. There was also a trend towards 
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increased numbers of CD4+ cells and CD4+/CD25+ ceUs (T-helper cells expressing lL-2 
receptors) and decreased numbers of B-cells in both compartments of infected calves as 
compared to the same compartments of control animals, however these differences were not 
significant. In another study, the phenotype and proliferative ability of lymphocytes from the 
peripheral blood, spleen, mesenteric lymph nodes, and pre-scapular lymph nodes of infected 
vs. non-infected calves were examined (41). They foimd more CD8+ lymphocytes in the 
spleens of infected animals as compared to non-infected animals. Also, there were more N2+ 
lymphocytes (subpopulation of yS T-cells) within all compartments examined in infected 
animals as compared to non-infected animals. Culture of cells with C. parvum antigen 
resulted in lower responses as compared to cultures without antigen. This suppression was 
seen in cell cultures from both infected and non-infected calves. The significance of this 
suppression is unclear. These data suggest that CD8+ cells and/or yS T-cells (41,143) are 
involved in the immune response of calves to C. parvum infectioa However, more extensive 
studies of cell-mediated and mucosal immune responses to C pannm infection of calves are 
necessary before any clear conclusions can be made. 
Intestinal intra-epithelial lymphocytes (lEL) 
lEL of mice 
lEL are a large and heterogenous population of T-cells located between epithelial cells 
that line the intestinal tract. It has been estimated that TBI, represent one third of the total 
number of T-cells within a mouse (114). Since these cells are located within the intestinal 
epitheliimi, th^ are at a site of continual contact with antigea It is not surprising that lEL 
are of unique ontogeny and diverse function considering the location and size of this 
population of lymphocytes. Studying this compartment of lymphocytes provides a unique 
opportunity to understand not only host responses to mucosal pathogens but also basic 
immunological principles including tolerance and lymphocyte ontogeny. 
Since C. pannan infects enterocytes and lEL are situated in close proximity to 
enterocytes, it is likely that lEL are involved in the immune response to C. parvum. This 
hypothesis was confirmed for C muris infection (81). C. mtiris infects gastric glands of 
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mammals and is less pathogenic than C. parvum. However, it is likely that similar immune 
responses are elicited by these two species of Cryptosparidivm. In the study on the role of 
lEL in C muris infection, SOD mice infected with C muris were treated with mesenteric 
lymph node cells, lEL's, or media. Cells were obtained from either naive or previously 
infected donors. Li additional experiments, donor cells were depleted of CD4+ or CD8+ cells. 
Mice treated with mesenteric lymph node cells or lEL from immime donors were able to clear 
the infection whereas mice receiving media remained persistently infected. Mice treated with 
mesenteric lymph node cells from naive donors were also able to clear the infection yet not as 
rapidly as mice treated with mesenteric lymph node cells or lEL from immune donors. Nfice 
treated with lEL from naive donors did not clear the infection yet had decreased levels of 
oocyst shedding as compared to mice receiving media. Also, CD4+ cells were necessary for 
clearance of infection whereas CD8+ cells were not necessary for clearance of infection. 
Interestingly, lEL did not appear to afford as good of protection as mesenteric lymph node 
cells. However, the transfer of lEL from immune donors did provide clearance capability. 
Thus, it is likely that lEL afiford efifector/helper fimctions for the clearance of C. parvwn 
infection. 
lEL consist mainly of T-cells (38) and up to 90% of these T-cells are CD8+ (35,59). 
A large percentage of CD8+ lEL express the aa homodimeric form of the CDS molecule 
(36). CD8+ T-ceUs in other compartments primarily express the ap heterodimeric form. A 
small percentage of lEL co-express CD4 and CDS (double positive) or do not express either 
C3)8 or CD4 (double negative) (36). lEL also consist of a large population of T-cells which 
utilize the yb form of T-cell receptor (TCR) as opposed to the more common aP form of TCR 
(5,32). lEL are phenotypically distinguishable from lamina propria lymphocytes (LPL). LPL 
are the other large population of lymphocytes residing within the intestinal mucosa. LPL 
consist predominately of CD4+ T-cells (aP TCR+) and B-lymphocytes. 
Several studies in 1980 reported circumstantial evidence for a population of DEL which 
develop without prior migration through the thymus (59,76,77). In the early 1990's, several 
studies presented conclusive evidence supporting thymus-independent (TI) pathways of T cell 
differentiation of lymphocytes within the intestinal epithelium (35,109,113,114). Evidence for 
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n maturation of lEL include: (a) lEL contain mKNA for the recombination activity gene-1 
(RAG4) protein which is necessary for TCR gene rearrangement (35), (b) athymic, 
tl^ectomized, or lethally irradiated mice reconstituted with T-cell depleted bone marrow 
cells have T-cells within their intestinal epithelium (35,91), (c) adult thymectomized and 
irradiated mice reconstituted with fetal liver cells develop normal numbers of lEL yet are 
deficient in spleen and lymph node T-cells (109), (d) CDScza TCRaP lEL (TI) have a 
different VP repertoire selection than aP T-cells within other lymphoid organs (113,114), (e) 
reconstitution with bone marrow cells firom athymic mice to thymectomized RAG-1 deficient 
mice leads to the appearance of only CDS oca lEL (TQ and a normal peripheral B-cell 
reconstitution whereas euthymic RAG-1 deficient mice with the same treatment obtain a 
complete lymphoid reconstitution (114). 
There is disparity in the literature concerning the exact sub-populations of T-cells 
within the intestinal epithelium which are thymus dependent (TD) or TI. This disparity 
probably reflects the type of experimental systems used to examine this question. For 
instance, certain studies utilized adult athymic radiation chimeras (91,109) whereas others 
utilized mice which were athymic at birth (35,113). Wang and Klein (138) suggested that a 
neuroendocrine &ctor is necessary early in ontogeny for the development of lEL. In their 
experiments, adult thymectomized radiation chimeras developed all subsets of aP T-cells 
whereas neonatally thymectomized radiation chimeras only developed the CDSota TCRaP 
subset. However, if mice in the neonatally thymectomized group were treated with 
thyrotropin releasing hormone (TRH) th^ developed all subsets of aP T-cells. Thyroxine 
treatment of euthymic 3-6 week old mice suppresses CD8aP TCRaP T-cell development. 
This is the same subset stimulated by TRH treatment in neonatally thymectomized mice (139). 
In conclusion, it is clear that at least one subset of lEL (CDSaa TCRaP) is TI. The other 
subsets may also be able to mature without physical interaction with the thymus; however a 
neuroendocrine signal is still probably necessary for their development. 
lEL of mice contain a large percentage ofyS T-cells (5,32). Reports vary as to the 
exact percentage of y5 T-cells within the intestinal epithelium; however, it is usually around 
50%. The majority of yS TCR+ ceils are CD8aa+ and Thyl- (Thyl is a surface antigen 
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eq)ressed on the majority of T-cellsand it may represent an antigen received during 
maturation within the thymus) (38). Some y5 T-cells within the intestinal epithelhmi do not 
e?q)ress CDS (36). yS T-cells within the intestinal epitheliimi may be TD or 11 (37). y5T-
cells of the intestinal epithelium are known to have a limited TCR repertoire yet not as limitied 
as y5 T-cells within the epithelia of the skin and reproductive tract (6,39). In newborn mice, 
the nuyority of lEL either do not express TCR's (CD3-) or express yS TCR's (38). Other T-
cell subsets subsequently increase in numbers with antigenic stimulatioiL An increase in the 
numbers of different lEL subsets also occurs in germ-free mice following conventionalization 
(38). 
Along with a diverse phenotype and ontogeny, lEL also have a wide range of 
functional capacities. lEL are known to have cytotoxic (57,60,111), helper (21,29,53,146), 
suppressor (21,82), and contrasuppressor (27,28) activity. It is also clear that both aP and y5 
T-cells within the intestinal mucosa have key roles in maintaining intestinal epithelial cell 
homeostasis (61,86). One unique and distinctive characteristic of lEL is the expression of the 
integrin, (x£P7 (11,38,58). It appears that this integrin is probably expressed on lEL once 
th^ reach the intestinal epithelium and fiuictions in retention of lEL to this site instead of as a 
specific homing molecule (11,38). There is evidence that aEP7 is induced by TGF-3 which is 
prevalent within the intestinal mucosa (37,58). 
The majority of the studies on lEL have been with cells isolated from the small 
intestine. One study examined large intestinal lEL and compared these cells phenotypically 
and flmctionally with small intestinal lEL (9). Differences were detected. For instance, large 
intestinal lEL contain a higher percentage of CD4+ cells and a|3 TCR+ cells than do small 
intestinal TEL. More y6 TCR+ cells from the large intestine are double negative (i.e., CD4-
,CD8-) than y6 TCR+ cells from the small intestine which are predominately CD8+,CD4-. 
Also, large intestinal lEL are less cytolytic as compared to small intestinal lEL. Thus, 
differences exist among lEL isolated from different anatomic locations. 
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lEL of cattle 
lEL of cattle have not been as extensively characterized as lEL of mice. The 
physiology and anaton^ of the intestinal tract of cattle markedly differs from that of the 
mouse. Furthermore, the lumenal pH, ingesta, and microflora of the intestinal tract of cattle 
differs from that of the mouse. All of these environmental influences result in different 
evolutionary pressures which affect the development of the immime components of the 
gastrointestinal tract. Studies oflEL of mice provide valuable information which may have 
relevance to studies of bovine lEL yet, considering the major differences between the two 
species, it is necessary to study bovine lEL in addition to murine lEL. 
The characterization of the different antibodies recognizing the various antigens on 
bovine mononuclear cells has been published in the proceedings of several workshops 
(17,52,92,93,124). There are distinctive characteristics of lymphocytes of cattle as compared 
to lymphocytes from other species (89). A large proportion of bovine peripheral blood 
lymphocytes express the y5 TCR (49,73). This percentage decreases with age and stress 
(7,74). The fete of these cells is not clear. It has been shown that th^ do not die by 
apoptosis and it is hypothesized that they leave the peripheral blood and trafSc to other areas 
(8). y5 T-cells of cattle have been characterized by the expression of several surface antigens 
which may vary between different compartments. Currently, y5 T-cells of cattle are defined as 
those lymphocytes which express the antigen recognized by the antibody, TCR-1 or N-12 
(104). The majority of peripheral blood yS T-cells also express WCl (72,73). WCl is 
imiquely expressed on y5 T-cells of ruminants (16,71,142). However, in certain 
compartments of ruminants (Le., spleen and ileal mucosa) few y5 T-cells express WCl 
(144,145). The function of WCl is not known. It has been suggested that WCl functions as 
an adhesion or activation molecule. The majority of splenic yS T-cells express CD2; however 
few peripheral blood y5 T-cells express this molecule (144). Similarly, the expression of other 
surfece antigens such as CD4, CDS, IL-2r, and other antigens vary between lymphocyte 
compartments (89). 
In 1968, it was first proposed that the gut epithelium may function as a "bursal 
equivalent" (24). Later, it was proposed that the ileo-cecal Peyer's patches in ruminants may 
13 
serve as a "bursal equivalent" (66). Thus, historically the ruminant intestinal lymphoid system 
has been of interest to immunologists. Several studies by Nagi and Babiuk published in 1989 
examined the phenotypic and fimcdonal characteristics of lymphocytes isolated from the 
intestinal epithelium of 2-3 year old cows (94-97). Phenotypically, TEL from these cows 
consisted of 10% B-cells, 25% CD8+ cells, 19% CD4+ cells, 10% null cells, and 26% CD2+ 
cells (94). Isolated lamina propria lymphocytes consisted of a much higher percentage of 
CD4+ cells (44%). Functionally, lEL from these cows displayed blastogenic responses to 
concanavalin A (ConA), pokeweed mitogen (PWM), phytohemagglutinin (PHA), and 
recombinant human interlaiIdn-2 (rHIL-2) but not to lipopolysaccharide (LPS) (97). ConA-
stimulated lEL also produced &ctors which suppressed blastogenesis of lymphocytes isolated 
from aggregated lymphoid follicles (95). Thus, they concluded that lEL were capable of 
suppressor cell activity. Mitogen-stimulated lEL also produced IL-2 as determined by a 
bioassay (96). Li another study, the epithelium of newborn calves contained few lymphocytes 
yet by 1.5 weeks of age the epithelium was extensively populated with lymphocytes (145). 
These lymphocytes consisted predominantly of yS T-cells. Another study using 
immimohistology showed that there were significant numbers of both CD3+ cells and yS T-
cells within the small intestinal epithelium and lamina propria of calves (1-12 months of age) 
and fetuses (8-9 months of gestation) (100). In another immimohistologic study, the role of 
various T-cell subsets in the immune response of calves to rotavirus infection was examined. 
This study showed that lEL consisted predominately of CD8+ cells and y5 T-cells whereas 
lamina propria lymphocytes consisted predominately of CD4+ cells (105). Furthermore, they 
found that there were increased numbers of CD8+ cells and yS T-cells in the rotavirus-infected 
calves as compared to control animals. Thus, they surmised that these two T-cell subsets 
were involved in the immune response to rotavirus. 
Experimental infections of mice genetically deficient in aP or yS T-cells 
Recent advances in molecular biology have made it possible to create mice with 
deletions of specific genes (10). These mice (gene-knockout mice) have been particularly 
usefiil for immunologists. Much information concerning the development and regulation of 
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lympho(^es as well as specific roles for cytokines and lymphocyte subsets have been obtained 
by studies utilizing gene-knockout mice, particular, experimental infections of gene-
knockout mice lacking either aP (85) or y5 T-cells (54) have inCTeased our understanding of 
the roles of these two ^es of T-cells in the response to pathogenic agents (55,56). Results 
of infection studies with mice deficient in either a3 or yS T-cells are summarized in Table 1. 
Table 1. Effects of various agents on aP or yS T-cell-deficient mice. 
Bifectious agent / toxin Deficiency Result Ref. 
Listeria monocytogenes aP T-Cells Exacerbation 84 
yS T-Cells More severe liver lesions 84 
aP & y5 T-Cells Exacerbation, lethal 84 
Afycobacterium bovis BCG aP T-Cells Exacerbation, lethal 65 
y5 T-CeUs Exacerbation 65 
Plasmodium yoelii aP T-Cells Exacerbation 128 
y5 T-Cells No effect 128 
Eimeria vermiformis aP T-Cells Loss of protective immunity 112 
y5 T-Cells Exaggerated intestiinal lesions 112 
TT plus CT^ y5 T-Cells i mucosal and serum IgA 26 
^ TT - tetanus toxoid, CT - cholera toxin. 
From these studies it is clear that ap T-cells have a central role in the immune 
protection of the host fi"om intracellular pathogens. Experimental challenge of aP T-cell 
deficient mice with intracellular pathogens usually leads to fiilminant, persistent, and often 
lethal infections. In mice deficient of y6 T-cells, the infection is usually controlled yet the 
disease process or course may be altered. Also, it appears that yS T-cells are more important 
in limiting the infection early after challenge, whereas aP T-cells are more important later in 
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the course of infection. This apparent difference in the timing of the response by these two T-
cell subsets may reflect differences in antigen recognition between the two T-cell types. The 
TCR of yS T-cells can bind unprocessed antigen, whereas the TCR of T-cells mainly binds 
processed antigen presented in association with MHC molecules (2,6). The time required for 
antigen processing may lengthen the response time of a3 T-cells. yS T-cells also recognize 
self antigens expressed by stressed cells such as those antigens expressed by infected cells 
(48). The expression of stress antigens on the surface of infected enterocytes would occur 
r^idly. Thus, this may be another reason why y5 T-cells are capable of responding rapidly. 
T-cells also produce various factors Qe. cytokines and growth factors) which can 
regulate the immune response. These &ctors also affect nearby cells. A good example occurs 
within the intestinal mucosa. It is known that conventionally reared mice deficient in a3 T-
cells spontaneously develop an inflammatory bowel disease (86). This response is 
characterized by an increased proliferation of enterocytes and an infiltration of mononuclear 
cells into the lamina propria. Mice deficient of y5 T-cells have a hypoproliferative intestinal 
epithelium (64) and have less mucosal IgA-producing B-cells in response to tetanus 
toxoid/cholera toxin (26). It appears that a balance of aP and y5 T-cells is required for the 
control of intestinal mucosal immime responses and enterocyte proliferation. The balance of 
fectors produced by these two T-cell subsets would be altered by invasion with an enteric 
pathogen. Early y5 T-cell responses probably increase mucosal cell proliferation aiding in the 
replacement of damaged enterocytes whereas later a3 T-cell responses may inhibit enterocyte 
proliferation, restoring the intestinal mucosa to its normal state. 
Inflammatory bowel disease 
The inflammatoiy bowel diseases of humans include Crohn's disease and ulcerative 
colitis which are distinguishable by differences in histologic lesions and clinical presentation 
(119). These diseases are complex, chronic, and of imknown origin. Possible mechanisms of 
pathogenesis include; (a) immune-mediated, (b) environmental ^.e. alterations in 
gastrointestinal microflora), (c) genetic susceptibility, (d) viral-induced (i.e. cytomegalovirus, 
herpesvirus, rotavirus, Epstein-Barr virus, uncharacterized RNA viruses), and (e) bacterial-
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induced ^e.Ad '^Codac/lmum/xzra^^cu/o5u; Listeria monocytogenes. Chlamydia sp., 
Escherichia coli) (15,22,68,123). Considering the complexity of IBD, there may be 
interactions between several of these mechanisms within each individual case. However, a 
disturbance of the immune response appears to be associated with most cases. This review 
will focus only on the immune-mediated aspects of IBD. 
Management of IBD usually includes the use of immunosuppressive drugs such as 
corticosteroids, sul&salazine, or cyclosporine (18). These drugs dampen the inflammation 
within the intestine. This inflammation is thought to be due to an unregulated or over-
stimulated mucosal immune system. A better imderstanding of possible immune-mediated 
etiologies of IBD has come from the development of gene knockout mice which develop IBD. 
These models are outlined in Table 2. It is interesting that dissimilar disruptions of the 
immune system such as the loss of IL-2, IL-10, or TCR genes can lead to similar sequelae. 
For instance, TH-2 immune responses should predominate with IL-2-deficient mice whereas 
TH-1 responses should predominate with IL-lO-deficient mice. However, both IL-2- and IL-
10-deficient mice develop IBD. In TCR-a-deficient mice there is an excessive proliferation of 
bothB-cells and yS T-cells. The predominant type of cytokines produced (i.e. TH-1 or TH-2) 
within the intestines of TCR-a-deficient mice is not known. Mice lacking the Gai2 gene have 
impaired regulation of signal transduction through adenylate cyclase, along with other 
abnormalities (1 IS). These functions are impaired in many cells including the gut epithelium 
and lymphoid cells. Thus, the colitis which develops in these mice may be due to 
abnormalities involving either enterocytes or immune cells. Interestingly, these mice have 
increased numbers of CD4+ cells within the lamina propria whereas TCR-a-deficient mice 
lack CD4+ cells. Again, these two types of mice have differing immune abnormalities yet 
similar sequelae O ©- IBD). A common factor between IL-2-deficient, IL-lO-deficient, and 
TCR-a-deficient mice is that the inflammation appears to be induced by normal intestinal 
flora. Both IL-2-deficient and IL-lO-deficient mice raised in germ-free conditions do not 
develop disease. Studies with germ-free TCR-a-deficient or germ-free Gau -deficient mice 
have not been done. However, it has been suggested that the inflammatory lesions that 
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Table 2. Mouse models of IBD in gene knockout mice. 
Gene Disniption ImmunoloeicAbnormalities Time of Onset Ref 
Interieukin-2 #'s of activated T-cells in LP^ 6-15 wk of age 116 
t #'s ofB-cells inLP, 
t in Igp, IgGl, & anti-colon aby^ 
t MHC class n on colonic epithelium 
Enhanced TH-2 response? 
Interleukin 10 T MHC class n on enterocytes 4-8 wk of age 64 
Enhanced DTH responses 
T #'s of T-cells/macrophages in LP 
Enhanced TH-1 response? 
TCR-a & TCR-P T #'s of y5 T-cells in LP 12-16 weeks of age 86 
t #'s of B-cells in LP 
Autoantibodies? 
Gttu t #'s of CD4+ cells in LP 8-13 wk of age 115 
t#'sofIgG2.B-ceUsinLP 
Develop adenocarcinomas 
^ increased 
^ lamina propria 
^ antibody 
develop in TCR-a-deficient mice are possibly initiated by stimulation from the normal 
intestinal microflora (86). 
CD45 is a transmembrane molecule expressed on leukocytes. Different isoforms of 
CD45 are expressed on leukocytes according to their activation status. CD45RB'" T-cells are 
considered naive cells whereas CD45RB'° T-cells are considered activated or memory cells. 
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Li a non-gene knockout model of IBD, SCID mice transplanted with CD45RB'" CD4+ T-cells 
(naive) from normal haplotype compatable donors developed IBD whereas mice receiving 
CD45RB'° CD4+ T-cells (memory) did not develop IBD (110). Mice receiving both 
C3D45RB^ and CD45RB'° CD4+ T-cells also did not develop IBD. In this study, it was 
shown that isolated CD4+ cells from diseased mice produced THl cytokines upon in vitro 
polyclonal stimulation. Treatment of these mice with neutralizing mAb to TNF-a or IFN-y 
delayed the onset of colitis. Treatment with rIL-IO prior to transfer of cells completely 
abrogated the disease. This model of IBD is similar to the IL-lO-deficient model. With 
regards to IL-lO-deficient mice and SCID mice receiving CIMSKB*" CD4+cells, a THl-like 
immune response appears to significantly contribute to the onset and/or maintenance of IBD.. 
There are many mouse models of IBD and the mechanisms of pathogenesis are often 
dissimilar. The one common &ctor associated with these models is an apparent loss of 
immune cell regulation. The immune cells within the intestinal tract must be capable of 
responding rapidly to pathogens and yet must also be capable of maintaining homeostasis in an 
environment associated with constant antigenic stimulation. This need for a finely regulateded 
yet quick adaptive response is probably fiilfilled by local immune cells producing cytokines 
and growth fectors. These cytokines and growth factors may provide net inhibitory or 
stimulatory responses. Disruption of the inhibitory response ^.e, as occurs with TCR-a-
deficient mice) leads to excessive proliferation and inflammation. Disruption of the 
stimulatory response O-C., as occurs with TCR-S-deficient mice) leads to decreased 
proliferation. The deletion of several different genes (i.e., IL-2, IL-10, and TCR-a) all lead to 
IBD. Evidently enteric homeostasis is provided by complex and redundant mechanisms. 
Effects of putrescine on the gastrointestmal mucosa 
Putrescine is a polyamine. Other common polyamines include: spermine, spermidine, 
and cadaverine. The majority of putrescine is produced from ornithine by the action of the 
enzyme ornithine decarboxylase. Putrescine is then converted to spermidine by spermidine 
synthase resulting from the addition of a propylamine group. The propylamine group is 
donated by S-adenosylmethionine by the action of a specific oxidase. Spermidine is then 
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converted to spermine by the same reaction as putrescine->spenmdine. Ornithine (the m^or 
precursor of polyamines) is produced from arginine. Arginine can also be metabolized into 
citruUine \^ch is then metabolized to ornithine. The arginine->citrulline reaction also 
produces NB« v^ch can then be converted to NO by nitric oxide synthase. Thus, the arginine 
pathway can produce either (a) NO which is anti-proliferative or (b) polyamines which are 
required for cellular proliferation and differentiation (4,125,13S). 
Polyamines enhance proliferation and differentiation of intestinal epithelial cells (79). 
For instance, inhibition of polyamine synthesis within the intestine by oral administration of a-
difluoromethylomithine (DFMO) leads to mucosal hypoplasia (147,148). Also, with intestinal 
adaptation Q.e., increased growth demands with lactation or postintestinal resection surgery), 
intestinal levels of ornithine decarboxylase (ODC) and polyamines are increased parallel to the 
increase in intestinal growth (70,147). Other intestinal growth regulators may also mediate 
their effects through the induction or inhibition of polyamines. For instance, exogenous 
administration of epidermal growth &ctor results in increased cellular proliferation within the 
intestine which can be blocked by DFMO (31). The age-dependant changes seen within the 
intestine may also be due, in part, to the actions of polyamines. For example, newborn rats 
have a rapid maturation of the intestinal mucosa at approximately 3 weeks of age as measured 
by histologic and enzymatic changes. Mucosal ODC activity and polyamine content also 
increase just prior to this maturation process (69). Polyamines affecting the intestinal tract are 
derived from cells within the intestinal mucosa or submucosa and from the intestinal lumen. 
Luminal polyamines can come from dietary sources and intestinal microflora (19,79). Also, 
experimental administration of polyamines directly into the intestinal lumen of rats can affect 
intestinal growth (119). In this study, miniosmotic pumps were used to infiise putrescine 
through catheters into the ileal lumen of rats. The total mucosal KNA, DNA, and protein 
content was greater in rats receiving putrescine as compared to controls. The greatest effect 
was detected in cells located closest to the catheter tip. The list of effects of polyamines on 
the gastrointestinal tract is quite long. From these examples it can be concluded that 
polyamines are potent regulators of intestinal cell proliferation and differentiation. 
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There have been studies examiniRg the efifects of oral administration of polyamines to 
animals other than rodents. Li one study, the effects of putrescine administration on 
morpholo^c and enzymatic parameters were assessed in calves fed either an all milk protein 
milk replacer or a 20% soy protein milk replacer (33). Calves fed the soy protein milk 
replacer had reduced small intestinal absorptive function and enterocyte proliferation both of 
which could be restored by the administration of putrescine. Similar results were foimd in a 
study which utilized pigs instead of calves (34). In a study on whole body growth in chickens, 
putrescine either enhanced growth (0.2-0.4% in diet) or was toxic at higher levels (0.8-1.0% 
in diet) (122). 
Only a few studies have examined the role of polyamines in regulating disease 
processes. The enteric phase of Trichinella spiralis infection of rats induces crypt elongation 
and an increase in mucosal mass (137). These changes are associated with increases in 
polyamine levels and ornithine decarboxylase activity. The total DNA, RNA, and protein 
levels are also increased in the infected animals as compared to control animals. Treatment of 
rats with DFMO prevented these changes without influencing the inflammatory response or 
the parasite's life cycle. Thus, the intestinal hyperplasia of T spiralis infection is due to 
increased ornithine decarboxylase activity with subsequent increases in polyamine levels within 
the intestinal mucosa. 
AIDS patients are often afflicted with a hyporegenerative enteropathy. A study of 
HTV-induced enteropathy suggested that this hyporegenerative response could be due to 
decreased levels of intestinal polyamines (103). Another study showed that polyamines are 
essential for the repair of gastric mucosal stress ulcers (136). Finally, polyamine inhibitors 
such as DFMO have been used to treat parasitic infections such as trypanosomiasis (78). 
Evidently, DFMO inhibits polyamine biosynthesis in the trypanosomes and kills the parasite. 
The role of polyamines in C. parvum infection has not been examined. The 
enhancement of enterocyte proliferation and differentiation could be beneficial in the host 
response to C. parvum. Enhanced proliferation could lead to the more proficient replacement 
of damaged enterocytes. Enhanced differentiation could lead to decreased susceptibility of the 
enterocyte to infection with C. parvum, since more mature animals are less susceptible to 
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infecdon. Another possible link of polyamines with C parvum infection is with NO synthesis. 
Arginine metabolism can lead to other NO production by the aiginine citiulline pathway or 
to a precursor of polyamines by the arginine -> omthine pathway. The feeding of arginine to 
C. /Mzrvum-infected athymic mice decreased their oocyst shedding (67). This effect appeared 
to be due to induction of NO synthesis by dietaiy arginine. The effects on polyamine synthesis 
were not examined. Li another study, persistently-iiifected SCID mice were given the NO 
inhibitor, aminoguanidine (63). Lifection of the aminoguanadine-treated group was not 
different than infection of the control group. Inhibition of NO production did not alter the 
course of infection. Thus, the exact role of NO production in C. parvum infection is unclear. 
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CHAPTER 2. PHENOTYPIC ANALYSIS OF 
PERIPHERAL BLOOD LYMPHOCYTES AND INTESTINAL 
INTRA-EPITHELIAL LYMPHOCYTES IN CALVES 
A paper published in Veterinaiy Lnmunology and ^nmunopathology^ 
W. Ray Waters^, James A. Harp^, and Brian J. Nonnecke' 
Abstract 
The phenotype of intestinal intraepithelial lymphocytes (TFT.) of yoimg calves has not 
been described. Li order to determine the potential role of lEL in protection against enteric 
infection, it is important to characterize these cells in normal calves. Therefore, lEL of calves 
were analyzed phenotypically and compared to peripheral blood lymphocytes (PBL) via flow 
cytometry using monoclonal antibodies to cell sur&ce markers. Approximately 25% of PBL 
and lEL expressed the yd T-cell receptor (TCR-l"^. TCR-l'*' PBL co-expressed WCl 
(antigen expressed on a subset of lymphocytes expressing the y5 T-cell receptor), whereas 
only a small percent of TCR-l"'" lEL co-expressed WCl. TCR-l"^ cells in the PBL co-
expressed the interleukin-2 receptor (IL-2r), whereas TCR-l"'" ceUs in the lEL co-expressed 
ACT-2 (null cell and CD-8"'" T-cell activation marker). There were approximately twice as 
many CD-4"^ cells as CD-S"*" cells in the PBL, whereas there were three to five times as many 
CDS"*" cells as CD4"^ cells in the lEL. Thus, lEL of calves are antigenically distinct firom PBL. 
^Reprinted with permission of Veterinary Immunology and Immunopathology, 1995, 48:249-
259. 
^Graduate student. Department of Microbiology, Immunology, and Preventive Medicine, 
Iowa State University 
United States Dept. of Agriculture, Agricultural Research Service, National Animal Disease 
Center, Ames, Iowa. 
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HBSS, Hankis balanced salt solution; lEL, intra-epithelial lymphocytes; lL-2r, 
interlaikin-2 receptor, MAb, monoclonal antibodies; MHC-II, major histocompatability 
complex class II; PBL, peripheral blood lymphocytes; PBSS, phosphate buffered saline 
solution; TCR-1"^, y5 T-cell receptor. 
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Introduction 
A heterogenous population of lymphocytes is present within the intestinal epithelium. 
These lymphocytes, intra-epithelial lymphocytes (TEL), represent a very large population of 
cells strategically located at the entry site of many pathogens into the body (Rocha et al, 
1991). lEL have been extensively characterized in mice (Guy-Grand and Vassali, 1993). 
They have been shown to be cytotoxic (Hein and Mosley, 1993; Kawaguchi et al., 1993; 
Roberts et al., 1993), produce various cytokines (Ebert, 1990; Fujihashi et al., 1993; Ishikawa 
et al., 1993), and have suppressor capability (Ebert, 1990; McGhee et al, 1993). In mice, lEL 
consist of thymus-dependent and thymus-independent T-cells (Poussier et al., 1992; Guy-
Grand et al., 1993). In mice, there are compartmental (small intestine vs large intestine) 
differences in lEL phenotype and fimction (Camerini et al., 1993). 
lEL in cattle are not as well characterized as DEL in mice. Monoclonal antibodies 
(MAb) to bovine leukocyte surface antigens have been used to characterize peripheral blood 
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lymphocytes (PBL) (Morrison et al., 1988; Larsen et al., 1990; Howard et aL, 1991; Howard 
and Naessens, 1993). Bovine peripheral blood contains a much higher percent of yS^ T-cells 
than does peripheral blood of mice and humans (Mackay and Hein, 1989). Most T-cells 
e)q)ress the a3 form of T-cell receptor. Ahematively, some T-cells «q)ress the yS form of T-
cell receptor. The role ofyS^ T-cells is not clear. However, they may be important in host 
defenses against microorganisms; especially at epithelial surfaces (Haas et al., 1993). 
Lifonnation on the phenotype of lEL in young calves is not available. We are 
interested in the potential role of lEL in protection of calves against Cryptosporidium pannm 
infection. In order to determine if C parvum infection induces changes in it is necessary 
to characterize these cells in normal calves. In the present study, we characterize calf lEL 
according to phenotype and anatomic location (duodenum, jejunimi, and il^mi). We also 
demonstrate an effective method for the collection of large quantities of lEL. 
Materials and Methods 
Calves 
Fourteen Holstein and nine Jersey calves of both sexes were obtained from several 
ongoing studies at the National Animal Disease Center. Calves were 4, 6, and 8 weeks of age 
(n = 13, 1, and 9, respectively). All calves were fed colostrum at birth and were subsequently 
maintained on milk replacer. Calves were individually housed and monitored twice daily for 
any health problems. 
Necropsy procedures 
Prior to euthanasia by barbiturate overdose, 60 ml of blood were collected in 6 ml 2x-
acid citrate dextrose via jugular venipuncture. After euthanasia, four equally spaced 4-cm 
sections each of duodenum, jejunum, and ileum were collected and placed in Hank's balanced 
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salt solutioii (BBSS) ^ thout Ca '^^ /Mg '^*'. No macroscopic lesions were observed on any of 
the intestinal sections. 
Harvesting of lymphocytes 
PBL were isolated by means of a density gradient centrifugation as previously 
described (Whitmire and Harp, 1991). Briefly, whole blood was diluted in phosphate buffered 
saline solution (PBSS) at a ratio of two parts PBSS to one part whole blood. PBL were 
separated from erythrocytes and granulocytes by centrifugation (400 X% for 40 min) over 
Histopaque (specific gravity, 1.083; Sigma Chemical Co., St. Louis, MO). PBL were 
resuspended in PBSS and residual erythrocytes were hypotonically lysed. Cells were washed 
in PBSS and counted in preparation for immunolabeling for flow cytometric analysis. 
A procedure for the extraction and isolation of lEL from mice (Mosl^ and Klein, 
1992) was adapted, with a few modifications, to the bovine system for this experiment. 
Connective tissue and large blood vessels were removed from intestinal samples. Samples 
were cut into 4-cm segments. These segments were then washed thoroughly in HBSS 
without Ca '^^ /Mg '^*" to remove fecal material and extraneous proteins. The intestinal 
segments were then transferred to 150 ml of HBSS without plus 1 mM 
ethylenediamine tetraacetic acid disodium salt, 2-Hydrate (Eastman Kodak Co., Rochester, 
NY) and 1 mM dithiothreitol (Sigma). Samples were stirred in this solution for 30 min at 37° 
C. The remaining intestinal tissues were removed. The supematants were sequentially 
passed via gravity filtration through four glass wool columns (65 mg wool packed into a 10 ml 
syringe barrel). Cells were then pelleted by centrifiigation (250 Xg for 10 min) and 
resuspended in 40% Percoll (Sigma). The cells in the 40% Percoll were overlaid onto a 66% 
PercoU solution, and lEL were separated from enterocytes by centrifugation (600 Xg for 20 
min). lEL (83-90% pure with the remainder being enterocytes) were then harvested from the 
40:66 interface and washed in HBSS without Ca^"^/Mg^"^. If necessary, remaining 
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eiythro^tes were removed by hypotonic lysis. Cells were washed in HBSS and counted in 
preparation for immunolabeling for flow cytometric analysis. 
Antibodies 
The primary MAb to bovine leukocyte surface antigens used in this study are listed in 
the legends of Figures 1,2, 3, and 4. Secondary antibodies were F(ab')2 fragments of goat 
anti-mouse immimoglobulin conjugated to either fluorescein isothiocyanate or phycoerythrin 
(Southern Biotechnology Associates, Inc., Birmingham, AL). 
Preparation and anafysis of cells byflaw cytometry 
PBL and lEL were analyzed by dual labeled flow cytometry. Single parameter results 
were obtained from dual labeled samples. Cells (5 x 10^ cells in 50 |il of PBSS with 0.4% 
sodium azide) were incubated with 50 |il each of two primary MAb to bovine surface antigens 
(see footnotes ofFig. 1, 2, 3, and 4). Following 15 min of incubation at 4®C, cells were 
washed twice, resuspended in PBSS, and 50 ^1 each of two secondary antibodies were added. 
Following 15 min of incubation at 4°C in the dark; ceUs were washed twice and resuspended 
in PBSS with sodium azide for flow cytometric analysis. 
Cells were analyzed with a Becton-Dickinson FACScan (Becton-Dickinson 
Immunocytometry Systems, San Jose, CA). Five thousand events were analyzed from each 
sample. An argon laser with excitation wavelength of488 nm was used to detect labeled 
ceUs. Emission fluorescence was detected with a 530/30 nm bandpass filter for fluorescein 
isothiocyanate and a 585/42 mn bandpass filter for phycoerythrin. Data are presented as the 
mean ± SEM percent of the total number of cells in the lymphocyte gate expressing a specific 
antigen. The lymphocyte gate was set according to standard light scatter properties of bovine 
lymphocytes. 
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Results 
Phenotype of peripheral blood lymphocyte populations 
Various subsets and activation markers were analyzed. These results revealed 
consistent phenotypic findings between breeds and ages of calves tested (data not shown). 
PBL contained approximately 63% CD-3''' cells, 9% B-cells and 9% monocytes (Rg. 1). PBL 
contained 20% CD-4"'" cells and 12% CD-S"^ cells (Fig. 2). Approximately equal numbers of 
TCR-1, N2, and WCl were repressed on PBL; 27%, 25%, and 24%, respectively (Fig. 3). 
These three antibodies are considered markers for yS T-cells with variable expression of these 
maricers on subpopulations ofyS T-cells (Howard and Naessens, 1993; Wyatt et al., 1994). 
lnteilojkin-2 receptor (IL-2r) expression was 27%. ACT-2 (null cell and subset of CD-S"^ 
cells activation marker) expression was 18%. Major histocompatability complex class II 
(MHC-n) expression was 24% ^ig. 4). 
The results of double parameter analyses are included in Tables 1, 2, and 3. Almost all 
of the CD-4''', CD-8"'', or TCR-l"*" cells also expressed CD-3 (Table 1). Approximately 21% 
of PBL co-expressed either TCR-1 and N2 or TCR-1 and WCl (Table 2). Eighteen percent 
of PBL co-expressed TCR-1 and IL-2r (Table 3). This is a higher percent IL-2r expression 
than any of the other subsets. 
Phenotype of intestinal intra-epithelial lymphocytes 
The quantity of lEL collected usually ranged from 10^ to 10^ cells for each 
compartment ^.e., duodenum, jejtmum and ileum). Typically, more cells were harvested from 
the jejunum and ileum (1-5 x 10^) and considerably less from the duodenum (0.1-2 x 10^). 
This suggests there are fewer lEL in the duodenum than the jejunum and ileum. However, the 
quantity of cells collected was always adequate for phenotypic studies. 
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Monocytes 
Fig. 1. Mean percent ± SEM of mononuclear cell subsets. Solid bars represent peripheral 
blood lymphocytes (PBL); cross hatched bars represent duodenal intra-epithelial lymphocytes 
(D-IEL); hatched bars represent jejtmal lEL (J-IEL); open bars represent ileal JEL (I-IEL). 
Antibodies used included: CD-3 (MMIA) recognizing Pan T-cells including and Y5 T-
cells; B-2 (BAQ1S5A) recognizing B-cells; and BAQ151A recognizing monocytes (antibodies 
obtained from VMRD, Inc., Pullman, WA). 
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Hg. 2. Mean percent ± S£M of T-cell subsets. Solid bars represent peripheral blood 
lymphocytes ^BL); cross hatched bars represent duodenal intra-epithelial lymphocytes (D-
lEL); hatched bars represent jejunal THL (J-IEL); open bars represent ileal lEL (I-IEL). 
Antibodies used included CD-4 (GC50A1) recognimg T-helper cells and CD-8 (IL-A17 or 
BAQl 1 lA) recognizing T cytotoxic/suppressor cells (antibodies obtained from VMRD, Inc., 
Pullman, WA, or from ILRAD, Nairobi, Kenya). 
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Fig. 3. Mean percent ± SEM of y5 T-cell subsets. Solid bars represent peripheral blood 
lymphocytes (PBL); cross hatched bars represent duodenal intra-epithelial lymphocytes CD-
EEL); hatched bars represent jejunal lEL (J-IEL); open bars represent ileal lEL (I-IEL). 
Antibodies used included TCR-1 (CACT61A) recognizing y5 T-cells; N2 (BAQ4A) 
recognizing a subset of y6 T-cells; and WCl (IL-A29) recognizing a subset of y5 T-cells 
(antibodies obtained from VMRD, Inc., Pullman, WA, or from ILRAD, Nairobi, Kenya). 
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Hg. 4. Mean percent ± SEM of lymphocytes expressing activation markers. Solid bars 
represent peripheral blood lymphocytes (PBL); cross hatched bars represent duodenal intra­
epithelial lymphocytes (D-IEL); hatched bars represent jejunal lEL (J-IEL); open bars 
represent ileal lEL (I-IEL). Antibodies used included: CD-25 (CACT108A) recognizing IL-2 
receptor, ACT-2 (CACT77A or CACT26A) recognizing null cell and CD-8 subpopulation 
activation maiicer, and TH14B recognizing MHC Class II antigens (antibodies obtained from 
VMRD, Inc., Pullman, WA). 
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Table 1. Phenotypic profile of peripheral blood lymphocytes and intestinal intra-epithelial 
lymphocytes of 4- to 8-weeic-old calves (double parameter analysis, Pan-T population) 
Cell Tvpes 
Antigen PBL D-IEL J-IEL I-IEL 
CD3'^ CD4"^ 
CD3"CD4+ 
CD3+CD8"^ 
CD3~CD8''" 
CD3+TCR-1'^  
CD4+CD8+ 
21.8 ±3.0 (8) 
0.4 ±0.1 (8) 
13.7 ±2.0 (8) 
0.6 ±0.1 (8) 
26.5 ± 5.3 (7) 
0.4 ±0.1 (8) 
6.3 ±3.6 (8) 
0.2 ±0.1 (8) 
38.2 ±3.5 (8) 
0.3 ±0.1 (8) 
29.6 ±3.1(8) 
0.9 ±0.2 (8) 
6.9 ±1.1 (8) 
0.3 ±0.1 (8) 
31.5 ±2.7 (8) 
0.4 ±0.1 (8) 
30.1 ±4.0 (8) 
0.9 ±0.2 (8) 
5.8 ± 1.3 (8) 
0.3 ±0.0 (8) 
28.2 ±3.4 (8) 
0.4 ±0.1 (8) 
27.8 ±3.0 (8) 
0.7 ±0.2 (8) 
Results are expressed as the mean percent positive fluorescence ± standard error of the mean 
(« = number of calves). 
^ PBL, peripheral blood lymphocytes; D-IEL, duodenal intra-epithelial lymphocytes; J-IEL, 
jejunal lEL; I-IEL, ileal lEL. 
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Table 2. Phenotypic profile of peripheral blood lymphocytes and intestinal intra-epithelial 
lymphocytes of 4- to 8-week-old calves (double parameter analysis, yS T-cell populations) 
Cell Tvpes 
Antigen PBL^ D-IEL J-IEL I-IEL 
N2+TCR-1-^ 
N2"TCR-1+ 
N2+TCR-r 
WCI"^CR-1+ 
wcrxcR-i"^ 
WCI+TCR-r 
21.8 ±2.3 (22) 
6.2 ±0.3 (22) 
3.5 ±0.6 (22) 
21.4 ±2.1 (22) 
5.6 ±0.4 (22) 
4.0 ±0.8 (23) 
7.3 ± 0.8 (20) 
19.4 ±1.4 (20) 
2.8 ± 0.6 (20) 
7.1 ±0.8 (20) 
21.0 ± 1.5 (20) 
2.4 ± 0.4 (20) 
4.9 ±0.8 (17) 
18.5 ±2.0 (17) 
3.5 ± 1.4 (17) 
5.8 ±0.9 (17) 
18.9 ±1.9 (17) 
1.7 ±0.3 (17) 
5.9 ± 0.6 (22) 
16.8 ± 1.7(22) 
3.2 ±0.8 (22) 
6.2 ±0.7 (23) 
17.8 ± 1.8 (23) 
2.4 ±0.4 (23) 
Results are expressed as the mean percent positive fluorescence ± standard error of the mean 
(n = number of calves). 
PBL, peripheral blood lymphocytes; D-IEL, duodenal intra-epithelial lymphocytes; J-IEL, 
jejunal lEL; I-IEL, ileal lEL. 
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Table 3. Phenolic profile of peripheral blood lymphocytes and intestinal intra-epithelial 
lymphocytes of 4- to 8-week-old calves (double parameter analysis, activation markers) 
Cell Types 
Antigen PBL^ D-IEL J-IEL I-IEL 
IL-2r+TCR-l"^ 17.8 ± 1.9 (22) 4.1+0.6 (19) 4.3 ± 0.7 (16) 4.0 ±0.6 (22) 
IL-2r"^2+ 16.0 ±2.0 (21) 2.3 ±0.3 (19) 2.1 ±0.6 (14) 2.4 ±0.4 (19) 
IL-2r'^ Cl+ 17.6 ±2.0 (21) 2.4 ±0.5 (18) 2.2 ±0.5 (15) 2.5 ± 0.5 (21) 
IL-2r+CD-4+ 7.9 ±1.6 (21) 9.2 ±1.5 (20) 5.0 ±0.9 (17) 3.6 ±0.4 (21) 
IL-2r+CD-8+ 1.2 ±0.1 (23) 3.8 ±0.5 (19) 3.5 ±0.6 (16) 3.4 ±0.5 (22) 
IL-2r"hB-ceU+ 1.7 ±0.3 (22) 0.7 ±0.1 (19) 0.6 ±0.1 (16) 1.4 ±0.2 (22) 
IL-2r'^ ono''' 0.7 ±0.2 (17) 1.7 ±0.3 (14) 1.9 ±0.5 (11) 1.3 ±0.4 (17) 
ACT-2"h:CR-l'^  5.6 ±0.6 (23) 26.2 ± 1.6 (20) 22.2 ±1.9 (17) 19.6 ± 1.9(23) 
ACT-2"hsr2+ 7.0 ±0.9 (22) 7.7 ± 1.2 (16) 6.9 ± 1.7 (14) 7.5 ± 1.2 (16) 
ACT-2+WC1+ 6.1 ±0.7 (23) 10.3 ± 1.8 (18) 5.1 ±0.8 (16) 7.0 ± 1.3 (20) 
ACT-2+CD-4+ 2.9 ±0.6 (8) 1.4 ± 0.3 (8) 1.0 ±0.2 (8) 0.9 ±0.2 (8) 
ACT-2"^CD-8+ 2.2 ±0.4 (8) 33.7 ±3.7 (8) 26.1 ±2.4 (8) 24.0 ±2.8 (8) 
ACT-2-^-ceU-^ 0.4 ±0.1 (8) 1.1 ±0.2 (8) 0.7 ±0.1 (8) 1.4 ±0.4 (8) 
Results are expressed as the mean percent positive fluorescence ± standard error of the mean 
(w = number of calves). 
PBL, peripheral blood lymphocytes; D-IEL, duodenal intra-epithelial lymphocytes; J-IEL, 
jejunal lEL; I-IEL, ileal lEL. 
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TBT- exhibited an inaeased heterogeneity^ of side and forward scatter properties as 
compared to PBL. As in the PBL population, single parameter analyses oflEL (Figs. 1, 2, 3, 
and 4) revealed no breed or age differences of phenotype with one exception. CD-4 
eT^ression on duodenal lEL in 4-week:-old calves was significantly higher than that seen in 8-
week-old calves (15.3% + 3.0 vs 6.9% ± 1.2, respectively). lEL contained a high percent of 
cells e?q)ressing CD-3. The duodenum contained the highest percent of cells expressing this 
pan T-cell marker (86%), with decreasing amounts from the jejunum (72%) to the ileum 
(65%) (Hg. 1). Expression of the B-cell marker was highest on cells in the ileal compartment 
(15.2%), with lesser amoimts on cells in the jejunum (5.8%) and lowest on cells in the 
duodenum (2.1%) ^ig. 1). lEL contained approximately 3-5 times the number of CD-8''' 
cells (28-33%) in comparison to CD-4''' cells (6-11%) (Fig. 2). 
Expression of N2 (8-9%) and WCl (7-8%) was considerably less than the expression 
of TCR-1 (23-27%) on cells in all three of the lEL compartments (Fig. 3). Expression of 
ACT-2 (null cell and subset of CD-8 cells activation marker) was 80%, 68%, and 56% on 
duodenal, jejunal, and ileal lEL, respectively (Fig. 4). Expression of the MHC-II marker on 
lEL from the ileum was 23%. Lesser amounts were seen on cells in the jejunum (17%) and 
lowest on cells in the duodenum (10%). In contrast to MHC-II expression, decreasing 
amounts of IL-2r were found on cells from the duodenum (23%) progressing distally to the 
ileum (17%) (Fig. 4). 
Double parameter results are included in Tables 1, 2, and 3. Almost all lEL expressing 
CD-4, CD-8 or TCR-1 also expressed CD-3 (Table 1). OrJy 0.7% to 0.9% of lEL co-
expressed CD-4 and CD-8 (Table 1). This double positive population is also rare in mice, yet 
is of particular developmental interest because of the implication of the gut epithelium as a 
possible site of lymphopoiesis (Guy-Grand et al., 1993). Approximately 6-7% of lEL co-
expressed TCR-1 and WCl (Table 2). Few (2-4%) lEL co-expressed TCR-1, N2, or WCl 
and IL-2r, 20-26% oflEL co-expressed ACT-2 and TCR-1; 24-34% of lEL co-expressed 
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CD-8 and ACT-2; 7-8% of lEL co-e?q)ressed N2 and ACT-2; and 5-10% of lEL co-
expressed WCl and ACT-2 (Table 3). 
Discussion 
In this study, we define a population of lymphocytes within the intestinal epithelium 
which are predominately T-ceUs. Furthermore, these T-cells consist of a high percent of 
cells and CD-S'*' (cytotoxic/suppressor) cells. These results concur with a previous study 
ON^agi and Babiuk, 1989). Large numbers of and CD-S"^ T-cells have also been found in 
the intestinal epithelium of mice (Goodman and LeFrancois, 1988; Bonneville et al., 1988; 
Itohara et al., 1990). The phenotype of the y5 T-cell population in cattle has not been clearly 
defined. Recent workshops (Howard and Naessens, 1993) have concluded that bovine y5 T-
cells express the antigen recognized by the TCR-1 MAb and are composed of multiple subsets 
expressing different combinations of leukocyte differentiation antigens. y5"^ T-cells in the 
spleen of calves have been compared to those found in PBL (Wyatt et al., 1994). Two 
subsets of TCR-l"^ lymphocytes were found. Splenic TCR-l"^ cells were predominately 
WC1~ as compared to PBL TCR-l'*' cells which were WCl"*". Li this study, we found a 
population of y5^ T-cells in the intestinal epithelium which are also antigenically distinct fi'om 
yS'^  T-cells in PBL. lEL contain a much lower percent of cells which are TCR-l"*" and co-
express either N2 or WCl than do PBL. The functional relevance of this finding is yet to be 
elucidated. Unlike peripheral blood of mice, peripheral blood of cattle contain large numbers 
of yS"*" T-cells. Thus, in cattle, the intestinal epitheliimi is not the major location of yS"^ T-cells 
as in mice. 
Another significant finding relative to T-cells is their activation status. The PBL 
yS"^ T-cells co-expressed IL-2r to a greater extent than the lEL yS"^ T-cells. However, lEL 
yS"*" T-cells co-expressed ACT-2 to a greater extent than did PBL yS"*" T-cells. In addition. 
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CD-8''' lEL co-e^ressed ACT-2. These results suggest that PBL should be more responsive 
to IL-2 stimuladon, whoeas lEL could be considered to be more activated as defined by the 
ACT-2 maricer. Alternatively, the increased ACT-2 expression by the lEL could reflect the 
increased numbers of CD-8''' cells in the lEL compartment 
A large population of B-cells were found in the ileal lEL compartment. This is 
probably due to cells from the continuous Peer's patch found in young ruminants. The 
continuous Peer's patch in the il^mi of ruminants has been considered a primary B-cell organ 
(Landsveric et al., 1991). Corresponding with the high percent of B-cells, a higher percent of 
cells e}q)ressing MHC-II were found in the ileum. A lower percent of B-cells and MHC-IT^ 
cells were found in the jejunum, and even less were found in the duodenum. Cells expressing 
the monocyte maricer were low in all three lEL compartments in comparison to the PBL 
compartment It is not clear if there are fewer monocytes in the lEL compared to PBL, or if 
this is an arti&ct due to the processing of lEL Q.e., passage over glass wool columns). 
lEL of calves are morphologically more heterogenous than PBL. When examined 
microscopically, lEL are notably granular and diverse in size (personal observation). When 
analyzed by flow cytometry, lEL have more diversity of forward and side light scatter 
properties than do PBL. This is consistent with morphologic studies in mice ^^yrhofer, 
1984). These morphologic differences may reflect a concurrent functional diversity. 
Characterization of CD-8 expression in mice has included determination of the 
individual glycoprotein chains expressed by CD-S'*' lEL. These studies found that most 
murine IH. are CD-8ota"*" instead of the usual CD-SaP"^ phenotype found in most other 
lymphatic tissues (Guy-Grand et al., 1991; Rocha et al., 1991). The MAb used in the present 
study recognizes the a-chain (MacHugh and Sopp, 1991) and, thus, reacts with both 
heterodimeric and homodimeric forms of the CD-8 molecule. Consequently, CD-8 chain 
usage cannot be adequately assessed from this study. Characterization of CD-8''" lEL 
according to CD-8oux and CD-8aP usage requires further study. 
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^ summaiy, lEL of calves appear to be a heterogenous population consisting mainly 
of T-cells with a phenotype distinct from PBL. These T-cells are predominately or CD­
S'*' cells. This study also reports an effective and relatively easy method to collect large 
quantities of bovine lEL for in vitro fimctional and pharmacologic studies. Functional studies 
such as cytolytic capability, suppressor activity, and antigenic responsiveness may lead to an 
understanding of the role of these cells in infectious and autoimmune disease processes. 
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CHAPTERS. INTESTINAL INTRAEPITHELIAL 
LYMPHOCYTES OF CALVES: Z/VI^TKOBLASTOGENIC 
RESPONSES AND INTERFERON-y PRODUCTION 
A paper published in Research in Veterinary Science^ 
W. RAY WATERS', J. A HARP«, AND B. J. NOMNECKE® 
Summary 
Intestinal intraepithelial lymphocytes are a large and heterogenous population of 
lymphocytes located strategically at the entry site of enteric pathogens into the body. Their 
ability to proliferate and produce interferon-y in vitro in response to mitogens or interleukin-2 
was investigated in four-week-old calves. It was found that they had similar in vitro mitogen-
induced blastogenic responses and produced interferon-y like peripheral blood lymphocytes of 
four-week-old calves. Preliminary studies indicated that the intraepithelial lymphocytes also 
responded to Cryptosporidium parvttm antigen in vitro. Thus, intraepithelial lymphocytes 
may be important in the host response to enteric infections of calves such as cryptosporidiosis. 
Introduction 
Intestinal intraepithelial lymphocytes (lEL) are a large and heterogenous population of 
lymphocytes located strategically at the entry site of enteric pathogens into the body (Rocha et 
^Reprinted with permission of Research in Veterinary Science, 1996, 61:45-48. 
'Graduate student in the Department of Microbiology, Immunology, and Preventive Medicine, 
Iowa State University. 
^United States Department of Agriculture, Agricultural Research Service, National Animal 
Disease Center, Ames, Iowa. 
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al 1991). Although murine lEL do not proliferate as well as T-cells from other lymphoid 
compartments in response to interieukin-2 or concanavalin-A (con-A), th^ are capable of 
producing interferon-y (IFN-y) in response to mitogens or to monoclonal antibodies to 
lymphocyte sur&ce antigens ^bert 1990, Taguchi et al 1991, Ishikawa et al 1993, Sydora et 
al 1993). lEL from two- to three-year-old cattle are capable of blastogenesis in response to 
recombinant human interiaikin-2 (rHIL-2), con-A, and pokeweed mitogen (PW\Q (Nagi and 
Babiuk 1989). However, the in vitro blastogenic responses or IFN-y production by lEL of 
young calves have not been investigated. 
In a previous study of the role of IFN-y in the host's response to Cryptosporidium 
parvum infection, it was shown that neonatal mice depleted of IFN-y and then challenged with 
C. parvum had a more severe infection than control mice (Ungar et al 1991). In another 
study, severe combined immunodeficient mice were made more susceptible to C parvum 
infection by treatment with antibodies to IFN-y (Chen et al 1993). Furthermore, the ability of 
mononuclear cells from intestinal tissues of patients with acquired immunodeficiency 
syndrome (AIDS) to produce IFN-y was significantly reduced OR-einecker et al 1991). C. 
parvum infection in AIDS patients is chronic, severe, and often life-threatening. Thus, it is 
possible that lEL are involved in the immime response to C. parvum in an IFN-y-dependent 
manner. 
Because C parvum infection in calves occurs most commonly in the first month of life, 
it is of interest to determine whether IH. from young calves are able to respond to 
stimulation, by blastogenesis and IFN-y production. The results of this study show that the 
lEL of four-week-old calves are capable of mitogen- and rHIL-2-induced blastogenesis and 
IFN-y production at similar levels as the peripheral blood lymphocytes (PEL) of four-week-
old calves. 
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Materials and Mefliods 
Peripheral blood and intestinal samples were obtained from 11 Jersey and three 
Holstein calves of both sexes. All the calves were fed colostrum at birth and subsequently 
maintained on milk replacer, they were individually housed and monitored twice daily for any 
health problems. Before they were ^ithanased at four weeks of age by an overdose of 
barbiturate, 60 ml of blood was collected from each calf in 6 ml 2x-acid citrate dextrose by 
jugular venepimcture. Four equally spaced 4-cm sections each of duodenimi, jejunum and 
ilomi were collected post mortem and placed in Hank's balanced salt solution (BBSS) without 
Ca2+orMg2+ 
PBL were isolated by means of a density gradient centrifligation as described by 
Whitmire and Harp (1991). Whole blood was diluted in phosphate buffered saline (PBS) 
solution at a ratio of two parts PBS to one part whole blood. The PBL were separated from 
erythrocytes and granulocytes by centrifugation at 400 g for 40 minutes over Histopaque 
(specific gravity 1.083; Sigma Chemical Co, St. Louis, Nfissouri). The PBL were resuspended 
in PBS, and residual erythrocytes were lysed hypotonically. The cells were washed with PBS 
and counted in preparation for immunolabelling for flow cytometric analysis and in vitro 
assays. 
The procedures used to extract and isolate lEL from mice have been described by 
Waters et al (1995). In brie^ coimective tissue and large blood vessels were removed from 
intestinal samples. These segments were then washed thoroughly in HBSS without Ca^"^ or 
Mg^"^ to remove faecal material and extraneous proteins. The intestinal segments were then 
transferred to 150 ml HBSS without Ca^"*" or Mg^"*" plus 1 mM ethylenediamine tetra-acetic 
acid disodium salt, dihydrate (EDTA; Eastman Kodak Co, Rochester, New York), and 1 mM 
dithiothreitol (DTT; Sigma). The samples were stirred in this solution for 30 minutes at 37°C, 
and the remaining intestinal tissues were removed. The supematants were passed sequentially 
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by gravity filtration tlirough four glass wool columns (65 mg wool packed into a 10 ml syringe 
barrel). The cells were then pelleted by centrifugation at 250 g for 10 minutes and 
resuspended in 40 per cent Percoll (Sigma). 
Two methods were used to isolate lEL firom enterocytes. In the first procedure, the 
cells in the 40 per cent Percoll were overiaid on to a 66 per cent Percoll solution and the lEL 
were separated fi'om enterocytes by centrifiigation at 600 g for 20 minutes. The lEL (80 to 
90 per cent lymphot^tes, as determined by FACS analysis) were then harvested fi'om the 
40/66 inter&ce. In the second procedure, the ceUs in the 40 per cent Percoll were centrifiiged 
at 600 g for 20 minutes and the lEL were harvested fi'om the pellet. The centrifiigation and 
harvest steps were repeated and the lEL harvested firom the pellet after the second 
centrifugation were 80 to 90 per cent lymphocytes, as determined by FACS analysis. The lEL 
isolated by either procedure were then washed twice in HBSS without Ca^"*" or Mg^"*". 
necessary, any remaining erythrocytes were removed by hypotonic lysis. The cells were 
washed in HBSS and counted in preparation for flow cytometric analysis and in vitro assays. 
The PBL and lEL were analyzed by dual-labelled flow cytometry as described by 
Waters et al (1995). Briefly, the cells were incubated with each of two primary monoclonal 
antibodies (mAb) followed by incubation with secondary antibodies. The primary mAb to 
bovine leukocyte sur&ce antigens used in this study were MMl A (CD-3), GC50A1 (CD-4), 
BAQlllA(CD-8a), CACT80C (CD-8a), BAT82A(CD-SP), CACT61A (TCR-1 ory5 T 
cells), and CACT108A (CD-25 or IL-2r) (Howard et al 1991, Howard and Naessens 1993). 
The secondary antibodies were F(ab')2 fi"agments of goat anti-mouse immunoglobulin 
conjugated to either fluorescein isothiocyanate or phycoerythrin (Southern Biotechnology 
Associates, Birmingham, Alabama). The cells were then analyzed by a FACScan (Becton-
Dickinson Lnmimocytometry Systems, San Jose, California). Five thousand events were 
analyzed for each sample. The data are presented as the mean (SEM) of the per cent in the 
lymphocyte gate staining positive with mAb to a specific antigen. The lymphocyte gate was 
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set according to standard light scatter properties of bovine lymphocytes. 
Lynipho<^e blastogenesis was carried out as described by Harp and Nonnecke 
(1986). Wells of 96-well flat-bottom tissue culture plates (Falcon 3072, Becton-Dickinson) 
were seeded with 2x10^ PBL or lEL in a total volume of200 nl/well. The medium was 
RPMI1640 with 25 mM HEPES buffer, 1 per cent antibiotic-antimycotic (Gibco, Grand 
Island, New York), 5 x lO'^ M 2-mercaptoethanol (Sigma), and 10 per cent heat-inactivated 
(S6°C for 30 minutes) fetal bovine serum (FES; HyClone, Logan, Utah). The wells contained 
either con-A (8 ng/ml; Sigma), pokeweed mitogen (PWM) (2 |ig/ml; Sigma), or rHIL-2 (0.8 
units/well; Genzyme, Boston, Massachusetts), or medium alone (no stimulation). The plates 
were then incubated for 72 hours at 39®C in five per cent carbon dioxide in air. After 72 
hours, 0.5 nCi of (methyl-[^H]) thymidine (specific activity 6.7 Ci/mmole; Amersham Life 
Science, Arlington Heights, Illinois) in 50 ^1 of medium was added to each well, and the plates 
were incubated an additional 18 hours. The well contents were harvested on to glass fiber 
filters using a PHD Cell Harvester (Cambridge Technology, Cambridge, Massachusetts), and 
the incorporated radioactivity measured by liquid scintillation counting. Assays were run in 
sets of six and the data are presented as the mean (SEM) counts/min. 
For the phenotypic analysis of cultured cells, lymphocytes fi-om three calves were 
cultured as described above, except that no (methyl-[^H]) thymidine was added. The 
superaatants were harvested after 48 hours incubation. The cultured cells were analyzed by 
flow cytometry as described in the flow cytometry procedure. 
For the IFN-y assays, lymphocytes firom four calves were cultured as described above, 
except that no (methyl-[^H]) thymidine was added. The supematants were harvested after 
two, four, and six days. Interferon-y was measured by means of an IFN-y-capture ELIS A in 
Immunolon II microtiter plates (Dynatech, Chantilly, Virginia). The reagents consisted of: a 
capture antibody (mouse anti-rBoIFN-y, IgG fi-action, lot #TB-4-91), a detection antibody 
(rabbit anti-bovine-IFN-y, IgG fraction, lot #90-81), rBoIFN-Y (lot #TB-4-91), biotinylated 
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goat and-rabbh IgG (Zymed Laboratories, Inc., South San Francisco, California), horseradish 
peroxidase- conjugated streptavidin-biotinylated complex (Amersham Corporation, Arlington 
Heights, Illinois), and substrate (ABST in citrate buffer and H2O2 at 0.1 per cent v/v). 
Internal standards consisting of serially diluted rBoIFN-y were prepared in PBS with Tween 
80 (0.1 per cent v/v) and gelatin (0.1 per cent v/v) (PBST-g). Positive and negative control 
samples and test samples were also serially diluted in PBST-g. The capture antibody was 
diluted 1:4000 in carbonate-coating buffer, and the detection antibody was diluted 1:1000 in 
PBST-g. Biotinylated goat anti-rabbit Ig was diluted 1:10,000, and horseradish peroxidase-
coqugated streptavidin-biotinylated complex was diluted 1:2000 in PBST without gelatin. 
Intervening washes were done with PBST without gelatin. The absorbance of standards and 
test samples was read at 405/490 nm using an automated ELISA plate washer and reader 
QDynatech MR7000, Dyoatech Laboratories, Guernsey Channel Islands, United Kingdom). 
The concentrations of IFN-y in test samples were determined by comparing the absorbance of 
test samples with the absorbance of standards within the linear part of the curve. The 
concentration of interferon in the culture supematants was expressed as ng/ml. 
Lymphocyte blastogenesis and IFN-y production data were analyzed by one-way 
analysis of variance and Tuk^-Kramer multiple comparisons tests. Differences were 
considered significant when probability values of P < 0.05 were obtained. 
Results 
lEL and PBL were examined phenotypically by flow cytometry prior to culture. The 
lEL were 70 to 90 per cent CD-S"^ (T-cells) and of these, 33 to 37 per cent were CD-S"^ 
(cyto-toxic/suppressor T-cells). The PBL were 68 per cent CD-3"^ and of these, 17 per cent 
were CD-8'^ . PBL, duodenal lEL, and jejunal lEL consisted of a similar percentage of TCR-
l"*" cells (y5 T-cells), 28, 28, and 26 per cent, respectively. However, ileal lEL consisted of a 
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greater percentage of TCR-l"^ cells (39 per cent). PBL were 23 per cent CD-4"'" (helper T-
cells), and lEL were six to IS per cent CD-4'^ . These findings are similar to previous findings 
(Waters et al 1995) except for the high percentage of TCR-1''' cells found in the ileal lEL 
compartment. 
lEL and PBL of four-week-old calves had significant blastogenic responses to con-A, 
IL-2, and PWM as compared to unstimulated cells (Fig 1). Some significant differences 
between individual compartments Q.e., PBL v duodenal lEL v jejimal lEL v ileal lEL) in the 
blastogenic responses to a particular mitogen or rHIL-2 were observed. These differences are 
noted in Fig L Variations in the magnitude of the responses fi-om animal to animal were 
similar for lEL and PBL. The responses of lEL to mitogens or rHIL-2 were insignificant 
without the addition of 2-mercaptoethanol (data not shown). 
lEL and PBL of four-week-old calves were capable of mitogen- and rHIIL-2-induced 
IFN-y production (Fig 2). Licreasing amounts of IFN-y were detected fi'om the second to the 
sixth day by lEL in response to con-A, rHIL-2, and PWM stimulation. There was a decrease 
in the production of IFN-y by PBL at day six compared with day four in response to 
stimulation with PWM. There were no significant differences in IFN-y production by lEL and 
PBL when comparing different days of culture with individual mitogens or rHIL-2 with one 
exception. PWM-stimulated lEL produced significantly more IFN-y after six days in culture 
than either PWM-stimulated PBL or lEL after two days in culture. 
lEL and PBL were ecamined phenotypically by flow cytometry after 48 hours in 
culture with mitogen (either con-A or PWM), rHIL-2, or no stimulation. No changes in 
lymphocyte subset distributions (that is CDS'*", and y5 cells) were found after culture 
with mitogen or rHIL-2 as compared to unstimulated cells (data not shown). However, the 
short length of culture may have been inadequate to evoke any changes in lymphocyte subsets. 
IL-2r expression was increased in mitogen- and rHIL-2-stimulated PBL as compared with 
unstimulated PBL (29 per cent ns v 79 per cent con-A, 52 per cent IL-2, and 72 per cent 
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FIG 1. Mitogen-induced blastogenic responses of PBL and lEL of 4-week-old calves. Solid 
bars represent responses by PBL, dotted bars represent responses by duodenal lEL, open bars 
represent responses by jejunal lEL, and hatched bars represent responses by ileal DEL. Data 
are presented as means ± SEM. * Significantly less than the PBL response to the same 
mitogen (P < 0.05). 
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FIG 2. A. Mitogen-induced IFN-y production by PBL of 4-week-oId Jersey calves. B. 
Mitogen-induced IFN-y production by EEL of 4-week-old Jersey calves. Solid bars represent 
two-day IFN-y production, dotted bars represent four-day IFN-y production, and hatched bars 
represent six-day IFN-y production. Data are presented as means ± SEM. * Significantly 
greater than PWM-stimulated two-day PBL and two-day lEL EFN-y production (P < 0.05). 
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PW\(Q. No changes in IL-2r expression by lEL after two days in culture either with or 
without stinmlation were detected. 
Discussion 
T-cells are necessary for resistance to and clearance of C pczrvum infection by mice 
(Heine et al 1984, Ungar et al 1991). Since lEL are predominantly T-cells and are located 
adjacent to enterocytes infected by C. parvum, it seems likely that lEL play a major role in the 
host's response to C. parvum. A previous study reported that splenocytes of mice which had 
been challenged with multiple oral doses of C parvum were capable of C. /Kzrvzmi-specific 
responses in vitro (Whitmire and Harp 1990). The authors have detected in vitro C. parvum-
specific responses by lEL from calves previously infected with C. parvum (data not shown). 
However, further experiments are necessary to define these responses. 
IFN-y is unportant in limiting the severity of C. parvum infection in mice (Ungar et al 
1991) and it is also important in the response of cattle to several other intracellular pathogens 
such as Cawdria species and Theileria parva (DeMartini and Baldwin 1991, Mahan et al 
1994). The results of this study show that BEL produce IFN-y in response to mitogen 
stimulation. In a preliminary study, it was found that lEL from C. parvum-wfeclQd calves 
produced IFN-y in response to C. parvum antigen in in vitro assays (data not shown). Thus, it 
is possible that lEL respond to C /xzrvMm-infected enterocytes by blastogenesis and IFN-y 
production in vivo and this response may have a role in the clearance of the parasites. 
A previous study on lEL of adult cattle reported that blastogenesis was dependent on 
the presence of adherent accessory cells or 2-mercaptoethanol (Nagi and Babiuk 1989). In 
the present study, 2-mercaptoethanol was also necessary for blastogenesis by lEL but not 
PEL. The 2-mercaptoethanol appears to act as a potentiating factor and replaces the 
requirement for the addition of accessory ceCs (Sugama et al 1987). Filtration through glass 
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wool columns may result in loss of accessory cells during the isolation of lEL. 
Although comparisons were made between blastogenic responses and IFN-y 
production of PBL and lEL, the relevance of these differences are probably of minor 
significance considering the different isolation procedures. However, the &ct that TFT, of 
young calves consistently respond to mitogen by blastogenesis and IFN-y production is 
relevant. These in vitro results suggest that similar responses may occur in vivo following 
e}q)osure to enteric pathogens such as C. parvum. Preliminary results confirm this speculation 
(Waters et al unpublished observation). Although the mechanisms of resistance remain to be 
elucidated, the ability of lEL to respond to C. parvum or other organisms by blastogenesis and 
IFN-Y production suggest that these cells may act directly on parasites or infected enterocytes. 
Alternately, the production of soluble &ctors such as IFN-y may serve to increase the 
resistance of enterocytes to infection or augment MHC Class II expression by antigen-
presenting cells. 
Future studies could compare the in vitro responses of lEL fi-om calves infected with 
C. parvum or other enteric pathogens with those of lEL fi-om uninfected calves. Also, the 
effects of oral medications and vaccines, nutrients, and feed additives on the fiinction of lEL 
could be examined. The methods described in this study might be used to assess the role of 
EEL in enteric homeostasis. 
Intestinal intraepithelial lymphocytes are located strategically and become involved in 
host's responses to enteric pathogens such as C parvum. It has been shown that lEL of four-
week-old calves can proliferate and produce IFN-y in response to mitogens or rHIL-2 in vitro. 
Preliminary results indicate that lEL also respond to C. parvum antigen in vitro. Thus, lEL 
may have a protective role against enteric infections such as cryptosporidiosis in vivo. 
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CHAPTER4. CRl^ TOSPORWIUMPARVUMmFECUasm 
T-CELL RECEPTOR (TCR)-a- AND TCR-5-DEFICIENT MICE 
A paper published in Lifection and Ihununity'^  
W. Ray Waters® and James A. Harp® 
Mice deficient in either oB or 76 T cells were more susceptible to infection with the 
protozoan parasite, Cryptosporidium parvum, than were control mice. Both neonatal and 
adult oB-T-cell-deficient mice developed chronic infection. y5-T-cell-deficient neonatal mice 
were more susceptible than control mice but were able to clear the infection. Adult yS-T-cell-
deficient mice were not susceptible to infection. These data indicate that oB T cells are 
important for resistance to Cryptosporidiim parvum while yh T cells have a less critical role. 
Cryptosporidium parvum is an intracellular protozoan parasite that causes diarrheal 
disease in humans and various other mammals (8). In the immunocompetent host, the disease 
is mild and self-limiting. In the immimosuppressed host, such as AIDS patients, the disease is 
often chronic and life-threatening (25). Management of the disease in chronically infected 
individuals is hindered by the lack of a drug efifective against the parasite (8). A better 
understanding of host responses to the parasite could lead to a more effective therapy for 
individuals infected with C. parvum. 
Previous experiments have shown that T lymphocytes are necessary for resistance to 
and clearance of C parvum infection in mice (13, 26). These studies demonstrated that C. 
Reprinted with permission of Infection and Immunity, 1996, 64:1854-1857. 
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/Nirvum-challenged athymic mice (which lack T-cells) develop chronic illness characterized by 
intermittent diarriiea and continuous shedding of oocysts. Other experiments have examined 
the roles of various T-cell subsets and cytokines (1,6, 27). These studies demonstrated that 
CD4''' (T-helper) cells and gamma interferon are required to limit the duration and severity of 
infection, respectively. However, no studies have examined the roles of T-cell subsets which 
are defined by T-cell receptor (TCR) chains expressed on the surfece of lymphocytes (i.e., cdJ 
T cells and yd T cells). 
Recent developments in molecular genetics have made it possible to create mutant 
mice with a distinct genetic defect (5). These mice are useful models for the study of immime 
mechanisms underlying host resistance against many infectious agents (7, 15, 16). Disruption 
of the TCT.-constant-a gene causes the complete loss of T cells bearing TCR otB chains (19, 
22). Similariy, disruption of the TCR-constant-5 gene causes the complete loss of T-cells 
bearing TCR yS chains (14). TCR-deficient mice have been utilized in studies of various 
protozoal, bacterial, and viral infections (7, 16). Studies have shown distinct roles for ccB T 
cells and more subtle roles for yS T cells in several infections involving intracellular 
pathogens, i.e.. Listeria spp., Plasmodium spp., taidMycobacteriim spp. (16, 18,19,24). 
Li the present study, we wcamined the roles of ccB and y5 T cells in C parvum 
infection of mice. We foimd that neonatal cd3-T-cell-deficient mice challenged with C. 
parvum became persistently infected with the parasite. In contrast, neonatal y5-T-cell-
deficient mice and C57BL/6 control mice challenged with C. parvum did not become 
persistently infected with the parasite. However, neonatal y5-T-cell-deficient mice did shed 
oocysts for a longer duration than did C57BL/6 control mice. Adult otB-T-cell-deficient mice 
challenged with C parvum became persistently infected, while C57BL/6 and yS-T-cell-
deficient mice challenged as adults with C. parvum did not become infected. 
Breeding pairs of TCR-a-deficient, TCR-6-deficient, and C57BL/6 control mice 
(background strain for TCR-deficient mice) were purchased fi"om Jackson Laboratories (Bar 
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Harbor, Me.)- A breeding colony was established and maintained at the National Animal 
Disease Center, US Department of Agriculture, Agricultural Research Service (Ames, la.) for 
the generation of both neonates and adult mice for the experiments. Breeding stocks of TCR-
deficient mice were housed on a laminar flow rack in HEPA-filtered hooded cages. The 
breeding stock received filtered distilled water and autoclaved rodent chow (Elarian Teklad, 
Madison, Wise.). Mice utilized in the experiments received tap water and autoclaved feed. 
Purified oocysts were isolated fi'om feces collected fi-om calves experimentally 
inoculated with C. parvtm oocysts by a method described previously (9). Oral challenge of 
mice consisted of 10^ oocysts (neonatal study) or 5 X 10^ oocysts (adult study) in 50 ^1 of 
0.15M phosphate buffered saline solution. Mice were orally challenged with C. pannm 
oocysts at 1 week of age (neonatal study) or 8 weeks of age (adult study) by gavage with a 
26-gauge needle with tygon tubing fitted over the end of the needle (neonatal challenge) or a 
24-gauge animal feeding tube (adult challenge). 
Fecal pellets were collected by placing individual mice into beakers until they 
defecated. Fresh pellets were then smeared onto glass slides, stained with carbol fuchsin, and 
examined for the presence of C. parvum oocysts. Fecal smears were checked weekly. At the 
end of each &q)eriment, mice were euthanized, and intestinal sections firom the distal ileum-
cecum and proximal colon were fixed in 10% formalin, and embedded in parafBn. Histologic 
sections were cut at a thickness of 4 jim, stained with hematoTQ^lin and eosin, and examined 
microscopically for C. parvum. 
We prepared two-by-two contingency tables containing data representing the number 
of mice infected with C. parvum as determined by either oocyst shedding or the presence of 
the parasite on histologic exammation. Comparisons were then made using either or 
Fischer's exact tests. Infectivity scores fi-om histologic sections were analyzed by one-way 
analysis of variance and Tukey-Kramer multiple-comparisons tests. Differences between 
groups were considered significant if probability values of < 0.05 were obtained. 
76 
Prior to the experiments, flow cytometric analysis of spleen cells from mice in the 
breeding colony confirmed deficiency of oB T cells in TCR-a-deficient mice, deficiency of y8 
T cells in TCR.-5-deficient mice, and normal numbers of od3 and y5 T cells in CS7BL/6 mice 
(data not shown). 
The neonatal study consisted of two independent experiments. The oocyst shedding 
data are combined and shown in Fig. 1. Mice were euthanized at 4 weeks of age in the first 
experiment and 8 weeks of age in the second experiment. At 2 weeks of age (1 week post 
challenge), all mice (CS7BL/6, TCR-5-deficient, and TCR-a-deficient) were shedding 
oocysts. At 3 weeks of age, significantly (P < 0.05) greater numbers of TCR-6- and TCR-a-
deficient mice were shedding oocysts than were C57BL/6 control mice. Significantly (P < 
0.05) more TCR-a-deficient mice were shedding oocysts than were either of the other two 
groups from 5 weeks of age imtil the end of the second experiment (8 weeks of age). At 8 
weeks of age, 100% of TCR-a-deficient mice were shedding oocysts. A decreasing number 
of TCR-6-deficient mice shed oocysts from 3 weeks of age until 7 weeks of age, at which 
time none of the mice in this group were shedding oocysts. At 6 weeks of age, the difference 
in levels of oocyst shedding between TQR.-5-deficient mice and C57BL/6 control mice was no 
longer significant. No oocysts were detected from C57BL/6 control mice after 3 weeks of 
age. 
Histologic examination of intestinal sections from mice challenged as neonates and 
aithanized at 4 weeks of age showed that significantly (P < 0.05) greater niraibers of TCR-6-
deficient and TCR-a-deficient mice were infected with C. pannan than were C57BL/6 control 
mice (Table 1). Both TCR-6- and TCR-a-deficient mice showed a significantly (P < 0.05) 
greater severity of infection than did C57BL/6 control mice in both ileum-cecum and proximal 
colon sections. In addition, ileum-cecum sections from TCR-a-deficient mice showed a 
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Figure 1. Percentages of mice sliedding C. parvum oocysts after oral challenge with the 
parasite at 1 week of age. • = data from yS-T-celi-deficient mice, A = data from ctB-T-cell-
deficient mice, • = data from C57BL/6 control mice. 
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Table 1. Histology results of mice challenged with 1 x 10^ Cryptosporidium parvum oocysts 
at 1 wkofage. 
Infectivity score^ ± SEM 
Mouse Group (n) Percent Ileum/ Proximal 
Positive^ Cecum Colon 
Mice euthanized at 4 of age; 
C57Biy6 (22) 5 0 ± 0  0.05 ±0.05 
TCR-S-deficient (27) 67* 0.67 ±0.11* 0.41 ±0.10* 
TCR-a-deficient (31) n* 1.10 ±0.13** 0.52 ±0.09* 
Mice ^thanized at 8 wk of age: 
C57BL/6 (17) 0 0 ± 0  0.0 ± 0.0 
TCR-6-deficient (28) 4 0.04 ±0.04 0.0 ±0.0 
TCR-a-deficient (24) 100** 1.67 ±0.10** 1.33 ±0.10** 
^ Infectivity scores for histologic sections were determined as follows; 0, no C. parvum seen; 
1+, few C. parvum seen; 2+, many C. parvum seen. 
2 Mice were considered positive if C parvum was seen in either ileum/ceomi or proximal 
colon histologic sections. 
* P< 0.05 (as compared with 0573176 controls euthanized at the same age). 
** P< 0.05 (as compared with C57BL/6 controls and TCR-5-deficient mice euthanized at the 
same age). 
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significantly (P < 0.05) greater severi^ of infection than that seen in ileum-cecum sections 
from TCR-5-deficient mice (Table 1). Intestinal sections of mice challenged as neonates and 
ojthanized at 8 weeks of age showed that significantly (P < O.OS) greater numbers of TCR-a-
deficient mice were infected with C. pannan than were either C57BL/6 control mice or TCR-
§-deficient mice (Table 1). TCR-a-deficient mice had a greater severity of infection than did 
either C57BL/6 or TCR-6-deficient mice, as evidenced by significantly (P < 0.05) greater 
infectivity scores from ileum-cecum and proximal colon sections (Table 1). 
When challenged with C. parvum as adults, few C57BL/6 control mice or TCR-5-
deficient mice shed oocysts (Fig. 2). Initially, few TCR-a-deficient mice shed oocysts. 
However, by 7 weeks post challenge (15 weeks of age) until the end of the experiment (20 
weeks of age), approximately 60 to 70% of TCR-a-deficient mice shed oocysts. 
Histologic examination of intestinal sections from mice challenged with C. parvum as 
adults showed that significantly (P < 0.05) greater numbers of TCR-a-deficient mice were 
infected with C. parvum than were either C57BL/6 control mice or TCR-6-deficient mice 
(Table 2). TCR-a-deficient mice showed a significantly (P < 0.05) greater severity of 
infection in both ileum-cecum and proximal colon than did either C57BL/6 or TCR-5-
deficient mice (Table 2). 
The mechanisms of immunity by which C. parvum infection is controlled and resolved 
are not clearly defined. Considering the intracellular location of the parasite in the host, it is 
not likely that antibodies play a major role (11, 21,23). It is more likely that cellular effector 
mechanisms are of major importance in the host response to C. parvum. Previous studies 
have shown a requirement for CD4''" T-cells and gamma interferon in limiting the duration and 
severity, respectively, of C. parvum infection in mice (6, 27). Also, CD4-enriched splenocytes 
of mice primed in vivo with C. parvum proliferate and produce gamma interferon in response 
to C. parvum antigen in vitro (10). The relative importance of T lymphocytes expressing the 
oB or Y5 form of the TCR in resistance to C. parvum infection has not been previously 
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Hgure 2. Percentages of mice shedding C. parvum oocysts after oral challenge with the 
paraqte at 8 weeks of age. • = data from yS-T-ceil-deficient mice, A = data from oB-T-cell-
deficient mice, • = from C57BL/6 control mice. Data presented are the means ± 
standard errors of the mean of two independent experiments. 
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Table 2. Histology results of 20-wic-old mice challenged with 2 X 10^ Cryptosporidium 
parvum oocysts at 8 wk of age. 
Infectivitv score^ ± SEM 
Mouse Group (n) Percent Heum/ Proximal 
Positive^ Cecum Colon 
C57BL/6(16) 0 0±0 0.0 + 0.0 
TCR-5-deficient (24) 0 0 + 0 0.0 + 0.0 
TCR-a-deficient(31) 77* 0.81 ±0.10* 0.55 ±0.09* 
^ Infectivity scores for histologic sections were determined as follows: 0, no C. parvum seen; 
1+, few C. parvum seen; 2+, many C. parvum seen. 
^ Mice were considered positive if C. parvum was seen in either ileum/cecum or proximal 
colon histologic sections. 
* P< 0.05 (as compared with C57BL/6 controls and TCR-6-deficient mice). 
82 
addressed. Studies with mice deficient in either the ofi or y5 ICR have demonstrated the 
importance of oB-TCR''' cells in clearance of other intracellular pathogens such as Listeria 
spp., Plasmodium md Afycobacterium (16,18,19,24). In contrast, y5-TCR'^  cells 
appear to have a less critical role. 
the present study, mice deficient in ofi T cells were susceptible to C. parvum 
infection both as neonates and adults and were unable to clear the parasite. Since most GD4''' 
cells express the cxB TCR and can be a rich source of gamma interferon, the increased 
susceptibility and inability of oB-T-cell-deficient mice to clear iiifection could be due to 
insu£5cient numbers of CD4''' cells and the concomitant lack of gamma interferon production. 
One possible pathway requiring both dM"*" cells and gamma interferon for resistance to C. 
parvum might begin with the uptake of luminal parasite antigens by M cells, followed by the 
presentation of antigens to QM"*" T-cells located within Peyer's patches or lymphoid follicles 
of the intestinal traa. The T cells may then become activated and migrate to the lamina 
propria or intestinal epithelium and elaborate cytokines such as gamma interferon. Gamma 
interferon could then have direct effects on infected or potentially infected enterocytes. In 
addition, gamma interferon could activate lymphocytes or macrophages within the intestinal 
epithelium or lamina propria. These cells could then provide effector functions in the 
clearance of the parasite. 
Delayed clearance of the parasite by yS-T-cell-deficient mice suggests that yb T cells 
also play a role in C. parvum infection. A possible role for Y5 T cells in C. parvum infection 
could be their ability to secrete epithelial growth factors. For instance, activated yS T cells 
within the intestinal epithelium can produce the epithelial mitogen keratinocyte growth &ctor 
(2), which may be necessary for the proficient replacement of damaged enterocytes. It has 
been shown that mice deficient in y5 T cells have a decreased epithelial cell turnover (17). In 
addition, y5 TCRs are able to bind products of damaged cells, such as heat shock proteins (3, 
4, 12). Thus, yS T cells may mediate nonspecific immunity through recognition of heat shock 
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proteins e}q>ressed on the sur&ce of C. /urvum-infected enterocytes. The delayed clearance 
of C. parvum in neonatally challenged yS-T-cell-deficient mice as compared with C57BL/6 
control mice could thus be due to a lack of Y5 T cells located within the intestinal epithelium 
and the resultant loss of qrtotoxic activity and/or cytokine production. Another intracellular 
parasite. Listeria monocytogenes, induces gamma interferon production by intraepithelial Y5 T 
cells (28). As stated above, gamma interferon is important in limiting the severity of C. 
parvum infection in mice (27). Thus, more specifically, the delayed clearance in y5-T-cell-
deficient mice could reflect the loss of gamma interferon production by y5 T cells within the 
intestinal epithelium. 
In conclusion, it is clear that both ocB and yb T cells are important in defense against 
C parvum infection in neonatal mice. 76 T cells appear to be important for initial control of 
C. parvum infection, whereas GCB T cells appear to be required for complete clearance of the 
parasite. 
This research was sponsored, in part, by NIH training grant T32AI07378, administerd 
through the Department of Microbiology, Immunology and Preventive Medicine at Iowa State 
University, Ames, Iowa 50011. 
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CmPTERS. ACCELERATED INFLAMMATORY BOWEL 
DISEASE OF (TCR)-a-DEFICIENT MICE PERSISTENTLY 
INFECTED Wrm CRYPTOSPORIDIUM PARVUM 
A paper submitted to Journal of Parasitology 
W. Ray Waters^", Mitchell V. Palmer^^, Mark R. Ackennann^^^ g^d James A Harp^^ 
Abstract 
TCR-a-deficient mice spontaneously develop inflammatory bowel disease (IBD) at 8 
to 9 mos of age. This study characterizes an accelerated form of IBD induced by Crypto­
sporidium parvum infection. C. parvam-infected TCR-a-deficient mice developed IBD as 
early as 4 wk of age when challenged at 1 wk of age. The lesions of this accelerated IBD 
resembled the lesions of spontaneous IBD in TCR-a-deficient mice and consisted of a 
mononuclear cell infiltrate within the intestinal lamina propria and an increased proliferation of 
enterocytes. The mononuclear cells within the lamina propria consisted of B-cells and yS T-
cells. The distal ileum, cecum, and colon were grossly thickened due to a hyperplastic mucosa 
and edematous submucosa. The mechanism by which C. parvum infection accelerates 
development of IBD is presently unclear. 
^"Graduate student. Department of Microbiology, Immunology, and Preventive Medicine, 
Iowa State University. 
i^United States Department of Agriculture, Agricultural Research Service, National Animal 
Disease Center, Ames, Iowa. 
^^epartment of Veterinary Pathology, Iowa State University. 
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Introductioii 
Cryptosporidium parwm is an intracellular protozoan parasite which causes dianiiea 
in various mammals, including himians (Payer et aL, 1990). A previous study determined that 
mice deficient in aP T-cells are unable to clear C. parvum (Waters and Harp, 1996). These 
mice are also known to spontaneously develop inflammatory bowel disease (IBD) with age in 
the absence of C. parvum infection (Mombaerts et al., 1993). Beginning at 3 to 4 mos of age, 
TCR-a-deficient mice gradually develop diarrhea and a general wasting syndrome. This 
condition is progressive and usually &tal by approximately 1 yr of age. 
In the present study, we found that mice deficient in T-cells develop an early onset 
of IBD (as early as 4 wk of age) when infected with C parvum. The lesion involved the distal 
ileum, cecum, and colon. It included a prominent mononuclear cell infiltrate within the lamina 
propria. These infiltrates consisted of large numbers of B-ceQs and y5 T-cells. There was 
increased enterocyte proliferation, as evidenced by increased mmibers of enterocytes 
expressing the proliferating cell nuclear antigen (PCNA). IBD in C. /xzrvwin-infected TCR-a-
deficient mice is similar to the previously described syndrome in non-infected mice, yet can be 
reproducibly induced at a younger age. 
Materials and Methods 
Animals 
Breeding pairs of TCR-a-deficient (Mombaerts et al., 1992; Philpott et al., 1992), 
TCR-5-deficient (Itohara et al., 1993), and C57BL/6 mice were purchased fi-om Jackson 
Laboratory (Bar Harbor, Maine). A breeding colony was established and maintained at the 
USD A, Agricultural Research Service, National Animal Disease Center, for the generation of 
both neonates and adult mice for the experiments. Breeding stocks of TCR-deficient mice 
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were housed on a laminar flow rack in HEPA filtered hooded cages. Breeding stock received 
filtered distilled water and autoclaved rodent chow (Teklad, Hadan Sprague Dawley, 
Madison, Wisconsin). Mice utilized in the experiments received tap water and autoclaved 
feed. Prior to the e}q)eriments, splenocytes firom mice within the breeding colony were 
analyzed by flow cytometry, and deficiency of the respective T-cell subsets was confirmed. 
Parasites and oral challenge 
Purified oocysts were isolated fi'om feces collected firom calves experimentally 
inoculated with C parvum oocysts by a method described previously (Harp et al., 1992). 
Oral challenge consisted of 10^ oocysts (neonatal study) or 5 X 10^ oocysts (adult study) in 
50 nl of 0.15 M PBS. Mice were orally challenged by gavage with C. pannan oocysts at 1 
wk of age using a 26-gauge needle with tygon tubing fitted over the end of the needle 
(neonatal study) or 8 wk of age using a 24-gauge animal feeding tube (adult study). Li the 
neonatal study, 22 C57BL/6, 27 TCR-5-deficient, and 31 TCR-a-deficient mice were used for 
the eq)eriment in which mice were ^thanized at 4 wk of age, and 17 C57BL/6, 28 TCR-5-
deficient, and 24 TCR-a-deficient mice were used for the experiment in which mice were 
«ithanized at 8 wk of age. For the adult studies, 31 C57BL/6, 40 TCR-5-deficient, and 43 
TCR-a-deficient mice were used. 
Assessment of C. parvum infection and preparation of intestinal sections 
For collection of fecal specimens, individual mice were placed into beakers until they 
defecated. Fresh fecal pellets were then smeared onto glass slides, stained with carbol fiichsin, 
and examined for the presence of C. pannan oocysts. Fecal smears were checked weekly. At 
4 and 8 wk of age (neonatal study) or 20 wk of age (adult study), mice were euthanized and 
intestinal sections fi'om the distal ileum, cecum, and proximal colon were fixed in 10% neutral 
buffered formalin. Following fixation, tissues were embedded in paraflBn. IDstologic sections 
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were cut at a thickness of 4 ^m, stained with hematoxylin and eosin, and examined 
microscopically for C parvum. ParafiBn-embedded sections were also used for 
histopathologic examination, immunofluorescent antibody assays (IFA) for B-ceUs, and 
inmumo<^ochemistry for entero^e proliferation. Additionally, intestinal sections of mice in 
the adult study were frozen in O.C.T. compound (Miles, Elkhart, Indiana) and stored at 
-80°C. These frozen samples were later used for IFA for ap and y5 T-cell receptors. 
Immtmofluorescent cattibody assays 
Frozen sections were equilibrated to -20°C and cut using a microtome (Reichart, 
Buf^o, New Yoric) at a thickness of 8 iim. Cut sections were placed on a slide, fixed with 
95% ethanol for 30 seconds, air dried, and stained with antibody conjugated to FETC. 
Antibodies used on frozen sections included HS7-597 (hamster anti-mouse aP TCR; 
Pharmingen, San Diego, Calif) and GL-3 (hamster anti-mouse yS TCR, Pharmingen). 
Formalin-fixed sections were deparafiSnized in xylene, rehydrated through a series of 
graded alcohols, rinsed in PBS, and stained with polyvalent goat anti-mouse immunoglobulin 
conjugated to FTIC (Sigma, St. Louis, Missouri) for the detection of B-cells. 
A computer-assisted image analysis system (Vidas 2.1; Kontron Elektroniks, Zeiss, 
New York) was used for determination of FTTC-positive staining cells/unit area. Sections on 
slides were viewed with a Zeiss Axioplan microscope equipped with an Optronics CCD video 
camera system using a Zeiss Plan-Neofluar 40X objective. Images were captured from the 
microscope onto a video saeen and transferred to a computer screen. Once on the computer 
screen, individual crypt units could be outlined. Outlined areas were assessed for total surface 
area and number of FTTC-positive staining cells. The internal scaling feature of the image 
analysis software converted the surface area data into units of ^un^. Counts were converted 
to the number of FTTC-positive staining cells/15,000 |im^. Three random sites were 
measured from each section. 
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Determination of enterocyte proliferation 
Cells undergoing DNA synthesis were detected by an immunocytochemical procedure 
which detects the delta accessory protein of polymerase (PCNA) (Hall et al., 1990). 
Histologic sections were deparafiBnized in xylene, rehydrated through a series of graded 
alcohols, and rinsed in Tris buffered saline containing 1% Tween-20 and 1% bovine serum 
albumin. Slides were placed in hot 2N HCl for 2 min to break formalin-induced cross-linking 
of antigenic sites. Sections were then covered with 10% goat serum (Kirkegaard & Perry 
Laboratories, Lie., Gaithersburg, Maryland) to block nonspecific binding sites and incubated 
with the primary antibody (PCNA, clone PC-10; Dako, Carpenteria, California) (Waseem and 
Lane, 1990) at a 1:15 dilution for 1 h at room temperature (R.T). Sections were incubated 
with biotinylated goat anti-mouse immimoglobulin for 30 min at RT, flooded with 
streptavidin-phosphatase for 30 min at RT, rinsed, and then covered with Histomark Red 
substrate solution for 15 min at RT (antibody and reagents contained in a kit fi'om Kirkegaard 
& Perry Laboratories, Inc.). The sections were counterstained with Harris hematoxylin. 
Using a light microscope with a 40X objective and lOX ocular, five random crypts fi'om each 
section were counted for the number of enterocytes with positive staining nuclei and the 
number of cells with non-staining nuclei. Only the bottom one-half of each crypt was 
counted. 
Statistics 
Data were analyzed by one-way analysis of variance followed by Tukey-Kramer 
multiple comparisons tests. Additionally, 2X2 contingency tables were prepared for PCNA 
data. Comparisons were then made using tests. Differences between groups were 
considered significant if probability values of P < 0.05 were obtained. 
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Results 
TC^-a-deficient mice challenged with C pannm as neonates or adults developed 
persistent infection, whereas C57BL/6 mice and TCR-6-deficient mice were able to clear the 
parasite as previously demonstrated (Waters and Harp, 1996). 
Clinical signs and macroscopic examination of intestines 
TCR-a-deficient mice infected with C. parvum (both neonatal- and adult-challenged 
mice) developed soft stools with excessive mucus beginning 3 to 4 wk post-challenge. 
Persistently infected mice gradually developed a hunched-over posture and an emaciated 
appearance. Gross lesions included severe edema of the distal small intestine and entire large 
intestine. Intestinal contents were often soft with excessive mucus. Clinical signs and gross 
pathology increased in severity with length of infection. In contrast, age-matched non-
infected TCR-a-deficient mice and C /wrvwn-challenged C57BL/6 and TCR-5-deficient mice 
had normal diy fecal pellets within thdr colon and intestines were grossly normal with one 
exception. One 20-wk-old non-infected TCR-a-deficient mouse had lesions and clinical signs 
similar to C /wrvuwi-infected TCR-a-deficient mice. 
Histopathologic examination of intestinal sections of mice challenged as neonates 
Ceca firom 8-wk-old TCR-a-deficient mice infected with C. parvum were difiusely 
thickened and contained elongate glands lined by tightly packed enterocytes and goblet cells. 
Numerous mitotic figures were present in epithelial cells lining the hyperplastic glands. 
Multifocal gland lumina were variably filled with neutrophils, necrotic cell debris, and 
ciyptospondial organisms. Cecal lamina propria were moderately expanded by cellular 
infiltrates consisting mainly of lymphocytes and plasma cells, with fewer macrophages and 
neutrophils. The submucosa was multifocally expanded by edema. Sections of proximal 
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colon were also affected by gland epithelial cell hyperplasia and inflammation similar to that 
seen in the cecum; however, these changes were not as severe in the colon. Distal ileal 
sections did not show any obvious signs of hyperplasia. However, in some ileal sections, the 
lamina propria were mildly to moderately expanded by infiltrates of lymphoc^es and 
macrophages, with lesser numbers of neutrophils. Cecal lesions in 4-wlc-old mice were less 
severe, yet similar in character to those seen in 8-wk-old mice. Lesions were not present in all 
sections examined from 4-wk-old mice. Hyperplastic and inflammatory changes were not 
seen in aity intestinal sections from infected C57BL/6, TCR-5-deficient, or non-infected 
TCR-a-deficient mice. 
Histopathologic examination of intestinal sections of mice challenged as adults 
As shown in Hgure la, ceca from 20-wk-oId C /jarvww-infected TCR-a-deficient 
mice were moderately to markedly thickened due to cellular infiltrates. The infiltrates 
consisted of lymphocytes, macrophages, neutrophils, and multinucleated giant cells in the 
lamina propria, as compared with non-infected TCR-a-deficient mice (Figure lb). These 
infiltrates divided and separated the glands. (Hands were elongate, hypercellular, and lined by 
tightly packed enterocytes and goblet cells. Many enterocytes were in the process of cell 
division. Miltifocal gland abscesses were characterized by gland lumina containing 
neutrophils and necrotic cell debris. Within the muscular layers, infiltrates of lymphocytes and 
macrophages separated muscle fibers. Submucosal edema was moderate to marked, with 
expansion of the submucosa by clear spaces and dilation of submucosal lymphatics. Within 
the mesenteric adipose tissue, there were perivascular cellular infiltrates which consisted of 
lymphocytes, plasma cells, and macrophages. These infiltrates formed perivascular cuffs or 
nodules. Infrequently, there was a fibrinoid necrosis of mesenteric vessels, as evidenced by 
necrosis of the vascular wall and expansion of the tunica muscularis and adventitia with 
neutrophils, lymphocytes, macrophages, and a homogenous eosinophilic proteinaceous 
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Figure 1. Ceca, Cryptosporidium-iBSsfAed adult TCR-a-deficient mouse (A), and non-
infected adult TCR-a-deficient mouse (B). (A) Note increased thickness of mucosa (between 
arrowheads) due to infiltrates of inflammatory cells within the lamina propria (arrow). Crypts 
are elongated and lined by tightly packed enterocytes and goblet cells. Bar = 100 (B) Note 
thickness of mucosa (between arrowheads). Cecal wall is of uniform thickness with few 
inflanmiatory cells in lamina propria. Bar = 100 
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material Some sections showed multifocal granulomas within the mesenteric adipose tissue 
that were composed of nodular accumulations of macrophages, neutrophils, and 
multinucleated giant cells. the distal ilomi and proximal colon, inflammatory changes were 
less severe than in the ceca, yet amilar in character. No lesions were seen in intestinal 
sections from C57BL/6 or TCR-5-deficient mice. 
Immunofluorescefa antibody assays 
Heal and cecal sections from C57BL/6, TCR-a-deficient, and TCR-6-deficient mice 
challenged with C. parvum at 8 wk of age and killed at 20 wk of age as well as 20-wk-old 
non-challenged TCR-a-deficient mice were examined for the presence of yS T-cells, B-cells, 
and aP T-cells. As shown in Figures 2 and 3, there were significantly more B-cells and y5 T-
cells within the intestinal mucosa of chronically-infected TCR-a-deficient mice as compared 
with the other groups. Immunofiuorescent staining for a^ T-cells confirmed deficiency of 
these cells within the intestinal mucosa of TCR-a-deficient mice; normal numbers of these 
ceUs were seen in the other groups (data not shown). 
Enterocyte proliferation assay 
Cecal sections from C57BL/6, TCR-a-deficient, and TCR-5-deficient mice challenged 
with C. parvum at 8 wk of age and killed at 20 wk of age, as well as sections from 20-wk-old 
non-challenged TCR-a-deficient mice, were stained with antibody to PCNA. As shown in 
Figure 4, there were significantly more enterocytes with positive staining nuclei within the 
cecum of persistently-infected TCR-a-deficient mice as compared with the other groups. 
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Figure 2. Mean number of B-cells/15,000 (area) of intestinal mucosa ± SEM Opoibars 
represent data from C57BL-6 mice (n = 10), stippled bars represent data from TCR-5-
defident mice (n = 10), hatched bars represent data from C. parvum infected (persistently) 
TCR-a-deficient mice (n = 10), and solid bars represent data from non-infected TCR-a-
deficient mice (n = 5). Mice were challenged with C pannm at 8 wk of age and euthanized 
at 20 wk of age. 
P < 0.05 as compared with other groups. 
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Ueum cecum 
Figure 3. Mean number of yd T-cells/15,000 jim^ (area) of intestinal mucosa ± SEM. Open 
bars represent data from C57BL-6 mice (n = 10), stippled bars represent data from TCR-5-
defident mice (n = 10), hatched bars represent data from C. parvum infected (persistently) 
TCR-a-deficient mice (n = 10), and solid bars represent data from non-infected TCR-a-
deficient mice (n = 5). Mice were challenged with C. parvum at 8 wk of age and euthanized 
at 20 wk of age. 
* P< 0.05 as compared with other groups. 
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Hgure 4. PCNA inimunoreactivity. Hatched bars represent the mean number of enterocytes 
with PCNA-positive staining nuclei/cecai crypt unit + SEM. Solid bars represent the mean 
number of cells whose nuclei did not stain with PCNA/cecal crypt unit ± SEM C57BL-6 (n = 
9), TCR-6-deficient (n = 9), and TCR-a-deficient (n = 10) mice were challenged with C 
parvum at 8 wk of age and euthanized at 20 wk of age. TCR-a-deficient control mice (n = 5) 
were not challenged with C parvtan, and were euthanized at 20 wk of age. 
* P< 0.05 as compared with the number of cells with positive staining nuclei in the other 
groups of mice. 
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Discussion 
TCR-a-deficient mice infected with C parvum at 1 wk of age began showing clinical 
signs of IBD as early as 3 wk after infection (4 wk of age). These signs included emaciation 
and soft stools containing mucus. In contrast, control mice not infected with C. parvum 
remained clinically normal throughout the period of study. TCR.-a-deficient mice in our 
colony that are not infected with C. parvum do not begin to show clinical signs of IBD until 4 
to 5 mos of age. Thus, the presence of C. parvum greatly accelerated the onset of disease in 
infected mice. 
When necropsied at either 4 or 8 wk of age, intestines of TCR-a-deficient mice 
infected with C. parvum showed gross and microscopic lesions typical of spontaneous IBD 
seen in older mice of this strain. There were more severe lesions in 8-wk-old as compared 
with 4-wk-old mice. Thus, development of IBD clearly progressed during this time. 
When adult TCR-a-deficient mice (8-wk-old) were challenged with C parvum, they 
became persistently infected with the parasite. This is in contrast to immimologically normal 
adult mice, which are resistant to C. parvum infection, as shown in both this and previous 
studies (Elarp et al., 1988; Sherwood et aL, 1982). TCR-a-deficient mice challenged as adults 
also developed an accelerated onset of IBD, as seen with TCR-a-deficient mice challenged 
with C. parvum at 1 wk of age. Kinetics of IBD in adult-challenged mice were similar to 
those seen in mice challenged at 1 wk of age. Gross clinical signs appeared beginning 3 to 4 
wk after challenge with C parvum. When necropsied at 20 wk of age (12 wk after challenge 
with C parvum), adult-challenged mice had similar but more severe intestinal lesions than 
those seen in intestines of 8-wk-old mice challenged at 1 wk of age. Thus, IBD in TCR-a-
deficient mice became progressively more severe the longer the mice were infected with C. 
parvum. Interestingly, while developmental stages of C. parvum could be seen in the 
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intestines of all infected mice, colonization with the parasite was not particularly heavy. 
Often, sections of intestine showing severe pathology had few or no parasites. 
Immunofluorescent analysis of the cellular infiltrate in the intestines of C parvum-
infected mice showing lesions of IBD revealed a large number of B-ceUs and y5 T-cells. The 
contribution of these cells to the pathologic changes seen in these mice is not clear. Excess 
antibody production by B-cells could result in formation of antigen-antibody complexes, or 
activation of complement components, both of which could contribute to inflanmiation. The 
presence of large numbers of yS T-cells could lead to overproduction of inflammatory 
cytokines, fiirther contributing to the changes seen in these tissues. 
As suggested by the hyperplastic appearance of the crypts in C parvum-m&xXeA mice 
with IBD, there were increased numbers of proliferating enterocytes present in crypts of 
infected compared with control mice. The mechanism of this increased proliferation is not 
known. However, yS T-cells have been shown to produce epithelial growth &ctors 
(Boismenu and Havran, 1994). While y5 T-cells have been suggested to up-regulate 
enterocyte proliferation (Komano et al., 1995), aP T-cells may have the opposite effect. 
Thus, the absence of a3 T-ceUs, coupled with increased numbers ofyS T-cells, may contribute 
to the cellular hyperplasia observed in mice which develop IBD. 
The most intriguing aspect of our findings was the ability of C. parvum infection to 
accelerate the development of IBD in TCR-a-deficient mice. Mice infected with C. parvum, 
either as neonates or adults, consistently developed IBD at a much younger age than is 
normally seen in this strain of mice. Control, age-matched TCR-a-deficient mice showed 
none of the gross or histopathologic changes seen in uifected mice. Thus, persistent infection 
with C. parvum was directly related to the early development of IBD. It is possible that the 
presence of the parasite in the intestine stimulated humoral or cellular immune responses that, 
in the absence of regulation by aP T-cells, contributed to the pathology. Whether these 
inappropriate immune responses were due to stimulation by foreign antigen or to effects 
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directly mediated by the parasite are not known. Similarly, the role of intestinal flora is not 
clear. It is known that gennfree mice are much more susceptible to C. parvum infection than 
are conventional, flora-bearing mice (Harp et al., 1992; Harp et al., 1988). It is not known to 
what extent the intestinal flora contribute to the onset of IBD in TCR-a-deficient mice. We 
are presently examining the effects of C. parvum infection on germfi'ee TCR-a-deficient mice. 
In summary, we have described the accelerated onset of IBD as a result of persistent 
C parvum infection in TCR-a-deficient mice. This model may be usefiil in examining the role 
of an intestinal parasite in potentiation of intestinal disease in immimodeficient hosts. 
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CHAPTER 6. ORAL ADMINISTRATION OF PUTRESCINE 
INHIBITS CRl^ TOSPORWnmPARVUMl^ ^CnOSOY 
NEONATAL C57BL/6 MICE AND IS INDEPENDENT OF 
NITRIC OXIDE SYNTHESIS 
W. Ray Waters", Timothy A. Reinhardt^^ and James A. Harp^* 
A paper submitted to Journal of Parasitology 
Abstract 
We examined the efficacy of oral administration of putrescine (a byproduct of arginine 
metabolism) in the prevention of Cryptosporidium parvum infection of neonatal C57BL/6 
mice. Mice were challenged with the parasite at 7 days of age. Mice receiving putrescine 
from 3 through 10 days of age had a delayed pattern of infection as compared with control 
mice. Mce receiving putrescine from 3 through 21 days of age did not become infected, 
whereas control mice were heavily infected. We also tested the hypothesis that putrescine 
inhibited C. parvum infection by enhancing nitric oxide (NO) production. Mice receiving the 
NO inhibitor No-L-arginine methyl ester (L-NAME) parenterally and putrescine orally did not 
become infected. Thus, it appears that putrescine inhibits C. pcrvum infection in an NO-
independent manner. 
"Graduate student, Department of Microbiology, Immvmology, and Preventive Medicine, 
Iowa State University. 
Ignited States Department of Agriculture, Agricultural Research Service, National Animal 
Disease Center, Ames, Iowa. 
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Crypftosporidhan parvum is an intracellular protozoan parasite that infects intestinal 
epithelial cells of various niammals including humans, mice, and calves (Fayer et aL, 1990). 
Currentfy, there are no effective methods of preventing or treatmg C. parvum infection in 
animals or humans. Numerous studies have examined the specific immune response to C. 
parvum infection (Aguirre et aL, 1994; Chen et aL, 1993; Ungar et aL, 1991; Waters and 
Harp, 1996). These studies have shown that T-cell-mediated immune responses are necessary 
for the clearance of and subsequent resistance to C. parvum infection of mice. Studies have 
also demonstrated that non-specific mechanisms are involved in the resistance to C parvum 
infection (De Simone et al., 1995; Harp et al., 1992; Harp and Sacco 1996; Kirp et al., 1988). 
These studies have shown that the presence of intestinal microflora induces changes which 
render weanling to adult mice resistant to infection. Interestingly, the age at which mice 
become naturally resistant to C. parvum infection is concomitant with weaning, the acquisition 
of intestinal microflora, and a sharp increase in intestinal epithelial cell proliferation and 
maturation. 
Putrescine is a polyanaine metabolized firom ornithine by the enzyme ornithine 
decarbo^lase. Polyamines can enhance cellular proliferation and differentiation (Tabor and 
Tabor, 1984). The proliferative and maturational effects of polyamines on cells of the 
intestinal epithelium have been extensively studied (McCormack and Johnson, 1991). 
Polyamines are necessary for normal intestinal maturation (Luk, 1992), and the administration 
of putrescine directly into the intestinal lumen induces a proliferation of intestinal mucosal 
cells (Seidel et al., 1985). Elevated levels of polyamines occur just prior to the normal 
proliferation and differentiation of intestinal epithelial cells at weaning. This is also the time in 
which mice become resistant to C. parvum infection (Sherwood et al., 1982). It is our 
hypothesis that the oral administration of putrescine to pre-weanling mice mimics the natural 
rise in polyamine levels that occurs at the time of weaning and the acquisition of natural 
resistance to C parvum infection. 
In a previous study, athymic adult mice that were persistently infected with C. parvum 
exhibited a decreased level of oocyst shedding when fed arginine [a precursor for nitric oxide 
(NO) synthesis] (Leitch and Ho, 1994). The decreased oocyst shedding was abrogated by 
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treatment with the NO inhibitor Nco-L-argimne methyl ester (L-NAME). Thus, the 
antiparasitic effect was attributed to the induction of host NO synthesis by arginine. Since 
polyamine metabolism is closely linked to arginine metabolism and NO synthesis ^lachier et 
al., 1995; Tabor an Tabor, 1984; Wallace and Morgan, 1990), we tested the hypothesis that 
putresdne inhibits C. parvum infection of neonatal mice by the induction of NO synthesis. In 
this study, we first determined that putresdne administration inhibits C. parvum infection of 
neonatal mice. We then show that C. parvum infection in in&nt mice is enhanced by the 
inhibition of NO synthesis. Finally, we show that the inhibition of C parvum infection by 
putresdne is independent of NO synthesis. 
Materials and Methods 
Animals 
Breeding pairs of C57BL/6 mice were purchased fi-om Jackson Laboratory (Bar 
Harbor, Maine) and Charles River Laboratories (Wilmington, Massachusetts). A breeding 
colony was established and maintained at the U.S. Department of Agriculture, Agricultural 
Research Service, National Animal Disease Center for the generation of neonatal mice for the 
experiments. Mice received rodent chow (Teklad; Harlan-Sprague Dawl^, Madison, 
Wisconsin) and tap water. The dams with their pups used in the experiments were moved to a 
separate room from the breeding colony prior to initiation of treatments. None of these dams 
had been previously exposed to C. parvum. 
Parasites and oral inoculum 
Oocysts were collected from feces of calves experimentally inoculated with C 
parvum. These oocysts were isolated and purified by a method described previously ^Elarp et 
al., 1992). Oral challenge inoculum consisted of oocysts in 100 ^il of 0.15M phosphate 
buffered saline (PBS) administered at 7 days of age. 
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Experimental desiffi 
In the first experiment, litters of in&nt mice received either PBS or putrescine (6.46 
mg putrescine per ml PBS) fi-om 3 through 10 days of age by gavage. Mice received 50 \il of 
treatment (PBS or putrescine) once daily on days 3 and 4, and 100 (il twice daily on days 5 
through 10. AH mice were challenged with C. parvum at 7 days of age. Litters of mice fi'om 
each group were euthanized at 11, 14, or 17 days of age for collection of samples for 
determination of C. parvum infection. In the second experiment, mice were treated similarly 
as in the first experiment mcept that the twice daily treatments were extended to 21 days of 
age and mice were euthanized at 35 days of age. In the next experiment, mice were treated 
with either 50 jaI of L-NAME (5 mg L-NAME per ml PBS) or PBS subcutaneously once daily 
on days 3 and 4 and twice daily on days 5 through 10. Mice were challenged with C. pannm 
at 7 days of age. All mice were euthanized at 11 days of age. In a final experiment designed 
to examine the role of NO in the prevention of C. parvum infection by putrescine, mice were 
given either PBS or putrescine orally (as in experiment 1) and either PBS or L-NAME 
subcutaneously, as in the previous experiment. All four combinations of oral and parenteral 
treatments were included in the oqjeriment. All mice were challenged with C. parvum at 7 
days of age and euthanized at 11 days of age. 
Assessment of C. parvum irfection 
Fecal samples were collected firom the distal colon. Fecal pellets were then smeared 
onto glass slides, stained with carbol fiichsin, and examined microscopically for the presence 
of C parvum oocysts. Oocyst shedding scores were determined as follows: 0, no oocysts 
detected; 1, less than five oocysts detected per 400X microscopic field; 2, five to ten oocysts 
detected per 400X microscopic field; and 3, greater than ten oocysts detected per 400X 
microscopic field. In addition, tissue sections were obtained fi'om the distal ileum and cecum 
Cileum only for the L-NAME experiments). Sections were fixed in 10% formalin and 
embedded in parafiSn. Histologic sections were cut at a thickness of 4 (im, stained with 
hematoxylin and eosin, and examined microscopically for C parvum. Tissue colonization 
scores were determined as follows: 0, no parasites detected; 1, few parasites detected; and 2, 
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many parasites detected. In the second experiment, in which mice were not euthanized until 
35 days of age, fecal samples were checked weeldy for the presence of oocysts. For 
collection of fecal specimens in this experiment, individual mice were placed into beakers until 
they defecated. Fresh fecal smears were then prepared and observed as described above. 
Statistics 
Data were analyzed by one way analysis of variance followed by Tukey-Kramer 
multiple comparisons tests. Data from the study on effects of NO on susceptibility of in&nt 
mice to C. parvum were analyzed by unpaired Mest and Fisher's exact test. Data were 
considered significant ifP values <0.05 were obtained. 
Results 
Li the first experiment, mice were treated with either putrescine or PBS from 3 
through 10 days of age and challenged with 10'^  C. parvum oocysts at 7 days of age. As 
shown in Figure 1, mice receiving putrescine did not shed oocysts at 11 days of age, whereas 
mice receiving PBS did shed oocysts at 11 days of age. At 14 days of age, mice treated with 
putrescine were shedding oocysts, yet the oocyst shedding scores were considerably less than 
the scores for mice receiving PBS. By 17 days of age, there was no difference in oocyst 
shedding scores between the putrescine-treated group and the PBS-treated group. The oocyst 
shedding pattern of the PBS-treated group is typical of the normal oocyst shedding pattern of 
mice challenged at 7 days of age, whereas the oocyst shedding pattern of the putrescine-
treated group is delayed. 
As with the oocyst shedding pattern, the colonization of the ileum (Figure 2) and 
cecum (data not shown) by C parvum was delayed by the administration of putrescine. 
Intestinai colonization of mice receiving putrescine was decreased at 11 and 14 days of age, as 
compared with intestinal colonization of mice receiving PBS. However, by 17 days of age, 
intestinal colonization of mice receiving putrescine was greater than the intestinal colonization 
of mice receiving PBS. The photomicrographs depicted in Figure 3 demonstrate the 
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differences between the two groups in colonization of the Oeum at 11 days of age. Again, the 
intestinal colonization pattern in the PBS-treated group is typical of the normal pattern of 
colonization of mice challenged at 7 days of age, ^ereas the pattern of colonization of the 
putrescine-treated group is delayed. 
In order to determine if continued treatment with putrescine could prevent infection by 
C parvum, mice were given putrescine from 3 through 21 days of age and challenged with 
10^ C. parvum oocysts at day 7. As shown in Figure 4, oocyst shedding scores of putrescine-
treated mice were significantly less than those of PBS-treated mice. Also, once treatments 
were discontinued there was not a rebound shedding of oocysts as seen in the initial 
experiment 
To examine the role of NO synthesis on C. parvum infection, infant mice were treated 
with either PBS or L-NAME subcutaneously. In this experiment, mice were challenged with a 
low-dose inoculum (10^ oocysts/mouse) so less than half of the controls (PBS group) would 
become infected, thus allowing potential ecacerbation by the inhibition of NO (L-NAME 
group) to be seen. Nfice treated with L-NAME had significantly greater ileal colonization 
scores as compared with mice treated with PBS (0.86 ± 0.15 vs 0.30 ± 0.10) and significantly 
more of the L-NAME-treated mice (19 of 36) were infected as compared with PBS-treated 
mice (8 of 40). To examine the role of NO synthesis in the inhibition of C. parvum infection 
by putrescine, both PBS- and L-NAME-treated mice (subcutaneous treatment) were also 
treated orally with either PBS or putrescine. As shown in Table I, mice receiving putrescine 
orally and either PBS or L-NAME subcutaneously did not become infected with C parvum, 
whereas mice receiving PBS orally and either PBS or L-NAME subcutaneously did become 
infected with C. parvum. Since a higher challenge dose inoculum (10^) was utilized for this 
experiment, nearly all control mice (PBS/PBS) were infected. Thus, no difference was seen 
between this group and the group receiving PBS orally and L-NAME subcutaneously. 
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Figure 1. Oocyst shedding of C57BL/6 mice treated with either PBS (open triangles) or 
putrescine (closed circles) from 3 through 10 days of age and challenged with C. parvum at 7 
days of age. Oocyst shedding scores were determined as described in Materials and Methods, 
n = 9, 12, or 14 for the PBS-treated mice euthanized at 11, 14, or 17 days of age, 
respectively, n = 6, 21, or 7 for the putrescine-treated mice euthanized at 11, 14, or 17 days 
of age, respectively. Data are presented as means ± SEM. *, significantly different (P < 
0.05). 
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Figure 2. Colonization of the ileum in C57BL/6 mice treated with either PBS (open triangles) 
or putrescine (closed circles) from 3 through 10 days of age and challenged with C parvum at 
7 days of age. Oocyst shedding scores were determined as described in materials and 
methods. The number of mice in each group are the same as for Fig. 1. Data are presented as 
means ± SEM. *, significantly different (P < 0.05) 
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Figure 3. Photomicrographs of ileal sections from C57BL/6 mice treated with either PBS 
(3 A) or putrescine (3B) from 3 through 10 days of age, challenged with C. parvwn at 7 days 
of age, and euthanized at 11 days of age. Arrows denote cryptosporidial organisms. 
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Hgure 4. Oocyst shedding of C57BL/6 mice treated with either PBS (open triangles) or 
putrescine (closed circles) from 3 through 21 days of age and challenged with C parvum at 7 
days of age. Oocyst shedding scores were determined as described in materials and methods, 
n = 20 for the PBS-treated group; n = 23 for the putrescine-treated group. Data are presented 
as means ± SEM. *, P < 0.05 as compared to the PBS-treated group at that same day of age. 
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Table I. Effect of inhibhioii of NO synthesis by subcutaneous injection of L-NAME on the 
inhibition of C. parvum infection by putrescine. 
Trftatment fParenteral/ oralV n # infected^ 
PBS/PBS 20 19 
PBS/Putrescine 17 0 
L-NAME/PBS 20 18 
L-NAME/Putrescine 27 0 
^Mice were treated from 3 until 10 days of age. 
^As detected by microscopic examination (400X) of ileal sections for the presence of C. 
parvum following euthanasia at 11 days of age. 
Discussion 
Mice are susceptible to infection with C. parvum as neonates. However, at about 17 
to 21 days of age (weaning age) th^ become resistant to infection (Sherwood et al., 1982). 
The nature of this resistance has not been determined. At this age, the intestinal epithelium is 
adapting to a change in diet, as well as developing a mature population of intestinal 
microflora. Also, the intestinal epithelium is going through rapid proliferative changes such as 
crypt cell proliferation, elongation of crypts, lengthening of villi, and increased numbers of 
intestinal cells, as well as maturational changes such as the expression of disaccharidases (Luk, 
1992). The most rapid changes in the intestine occur just after marked increases in mucosal 
ornithine decarbo^qrlase and polyamine levels (Luk, 1992). Thus, it is likely that the changes 
in the intestinal thickness and maturational state which occur at weaning are in part a result of 
increased levels of polyamines O-©-, putrescine) within the intestine. We hypothesize that the 
changes in the intestinal epithelium which occur at this age also confer resistance to infection 
with C. parvum. 
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Ln this study, we show that the oral administration of putrescine to neonatal mice can 
confer resistance to pups challenged at 7 days of age. This resistance is contingent on the 
continual administration of putrescine through the age of susceptibility. Mice receiving 
putrescine from 3 through 10 days of age still become infected; however, infection in these 
mice is delayed as compared with infection in mice receiving PBS. Putrescine administration 
from 3 through 21 days provides neaily complete resistance to infection with C pannan. 
Thus, continual administration of putrescine either interferes with the development of the 
parasite or induces a change in the intestinal epithelium that affords resistance to infection. 
Since ileal and cecal sections from mice previously challenged with C. parvum at 7 days of 
age, administered putrescine through 10 days of age, and euthanized at 11 days of age did not 
show any evidence of the parasite, it is likely that resistance conferred by putrescine is due to 
host changes or interference of parasite development at a very eariy stage of its life cycle. If 
putrescine blocked C. parvum development at a later stage, immature stages of the parasite 
might be detected on histological examination. However, if putrescine induces changes in the 
intestinal epithelium that afford resistance to infection, these changes are reversible imless 
putrescine is given through 21 days of age. Putrescine treatment is necessary throughout the 
susceptible period (birth imtil 17 to 21 days of age) and is then no longer required. 
Polyamines, including putrescine, are produced and secreted by intestinal microflora 
(McCormack and Johnson, 1991). Since intestinal microflora are known to induce changes in 
mice which confer resistance to C. parvum infection (Harp et al., 1992; 1988), it is possible 
that these changes are due, at least in part, to the production of polyamines. Neonatal mice 
acquire mature levels of intestinal microflora at approximately the same age as weaning and 
natural resistance to C. parvum infection. Regardless of the source of polyamines (i.e., host 
or microflora), increased levels of these compounds naturally occur within the intestine just 
prior to weaning. They have potent eflTects on the maturation and proliferation of cells within 
the intestinal tract. These effects could render enterocytes resistant to infection Ci e., due to 
the loss of a receptor) or induce natural resistance mechanisms (i.e., effects on mucosal 
immune cells). Alternatively, polyamines could directiy interfere with the parasite's 
development. 
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Putrescine metabolism is closely linked with arginine metabolism and NO synthesis, 
and a previous study showed that NO synthesis has a role in limiting C parvum in&ction in 
chronically-infected adult mice (Leitch and Ho, 1994). In this study, we show that NO 
synthesis is also involved in limiting C. parvum infection of in£mt mice. Thus, we ecamined 
the possibility that putrescine administration prevents infection by the induction of NO 
synthesis. We found that mice receiving both putrescine and the NO inhibitor L-NAME were 
still protected from C parvum infection. While it is possible that the dose of putrescine 
exceeded the capacity of L-NAME to inhibit NO production, it is more likely that putrescine 
provides resistance in an NO-independent manner. Furthermore, putrescine supplementation 
speared able to overcome the ability of L-NAME to exacerbate C. parvum infection in in&nt 
mice. 
In conclusion, this study provides clues to the mechanisms of age-dependent resistance 
of C. parvum infection of mice. It provides clear evidence that oral administration of 
putrescine provides resistance to C. parvum infection and that this protection is afforded in a 
NO-independent manner. These data will aid in the future research into possible means of 
treating and preventing C parvum infection of calves and himians. 
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CHAPTER?. GENERAL CONCLUSIONS 
General Discussion 
CryptoqHJridiim parvum quicldy and efficiently invades its' host and progresses 
through its' life cycle (4). limminocompetent hosts develop immune responses which are 
effective in clearing the parasite (12). The proficient clearance of C. parvum infection of mice 
requires CD4+ aP T-cells and a predominance of TH-1 cytokines especially IFN-y and IL-12 
(2, 13, 14, 15). Similar mechanisms of clearance of C parvum infection likely exist for other 
host species. Resistance mechanisms to subsequent infection with C. parvum are not known. 
However, it is likely that antigen specific CD4+ T-cells are involved (2,13). 
The mechanisms involved with age-dependent natural resistance are also not known. 
It is known that intestinal microflora are involved in inducing natural resistance of mice to 
infection with C. parvum. Genn-firee adult mice are susceptible to infection whereas 
conventional and antibiotic-treated adult mice are resistant (7). The acquistion of mature 
intestinal microflora occurs at the age of acquisition of natural resistance to C parvum, 
concurrent with weaning. Also at this time, rapid proliferative and maturational changes arise 
within the intestinal epithelium (10). These changes are preceeded by a sharp rise in intestinal 
polyamine levels. Oral administration of putrescine (a polyamine) can prevent infection with 
C. parvum (17). Since intestinal microflora produce polyamines which affect the intestinal 
epithelium (3, 11), it is possible that the age-dependent resistance which occcurs with mice is 
due to the secretion of polyamines by intestinal microbes. 
Considering the review of the literature concerning the immune responses to 
Cryptosporidium spp. and the experiments included in this dissertation, I propose a model of 
the mucosal immune response to infection with C. parvum. This model applies most directly 
120 
to the immune response of mice; however, it is probable that similar mechanisms exist with 
cattle. 
After exq^station within the small intestine, C. parvum sporozoites invade epithelial 
cells lining the distal small intestine and proximal large intestine. The first recognition of 
parasite antigen by the host's immune cells is by either intraepithelial lymphocytes (lEL) or 
mononuclear cells within invaginations of M cells. lEL contain a large percent of y5 TG^+ 
cells. These cells are capable of responding to improcessed antigen directly or stress proteins 
expressed by infected enterocytes (8). Mice deficient of yS T-cells do not clear C. parvum as 
r^idly as do control mice (15). Thus, it is likely that early responses to C. parvum by yS T-
cells limit the infection until more specific responses can develop and clear the parasite. 
However, the exact nature (i.e., cytokines produced (5), cytolytic responses (6), etc.) of this 
early y5 T-cell response to C. parvum infection is not known. It is likely that th^ produce 
growth fiictors ^ e., keratinocyte growth factor) which increase enterocyte proliferation. 
Nfice deficient iny6 T-cells have hypoproliferative intestines (9). Also, mice which lack aP T-
cells and that are persistently-infected with C. parvum have hyperproliferative intestinal 
epithelium and increased numbers of y5 T-cells within their intestinal mucosa (16). Increased 
enterocyte proliferation in response to infection with C. parvum would aid in the proficient 
replacement of infected and damaged enterocytes. While these early responses are occuring, 
parasite antigen is being processed and presented in association with MHC class II molecules 
by antigen presenting cells to CD4+ aP T-cells (1,2,13). This likely occurs by passage of 
parasite antigens through M cells to macrophages lying within the basal invaginations of these 
cells. CD4+ aP T-ceUs then produce cytokines, especially IFN-y and IL-12, which result in 
clearance of the parasite. Cytokines and growth factors produced by these cells are also 
necessary for the restoration of enteric homeostasis. If these cells are lacking (I.e., TCR-a-
deficient mice), their intestines become hyperproliferative and inflamed in response to 
infection with C. parvum (16). 
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My studies have added to the existing body of scientific literature by providing: (a) a 
characterization of the phenotype, mitogenic responses, and interferon-y production of 
lympho^tes located within the intestinal epithelium of calves, (b) detailed observations on the 
infection dynamics and intestinal histopathologic lesions associated with C parvum infection 
of TCR-a- and TCR-5-deficient mice, and (c) the finding that the oral administration of 
putresdne can inhibit C. parvum infection of mice. 
Recommendafions for Future Research 
After reviewing the above model of the immune response of mice to C. parvum 
infection, it is clear that there are certain aspects of this response which are not known. For 
instance: 
1. What cytokines/growth fectors are produced by y5 T-cells in response to C. 
parvum infection? Do yS T-cells respond specifically or non-specifically to C. 
parvuml 
2. What cytokines/growth fectors are produced by aP T-cells in response to C. 
parvum infection? 
3. What is the mechanism of resistance to subsequent infections? Is it antigen specific 
CD4+ cells or changes in the enterocyte induced by prior infection? 
4. What is the nature of the age-dependent resistance of mice to C. parvum 
infection? What changes occur in the intestinal epithelial cells at this time? 
5. How does this model apply to calves? 
Thus, I reconmiend fixrther research examining cytokine production by both aP and y5 T-cells 
within the intestinal mucosa in response to infection with C. parvum. Also, it would be 
interesting to determine the exact nature of the changes which occur in intestinal epithelial 
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cells at 17-21 days of age which render them resistant to infection with C. parvum. Finally, I 
suggest further research with mucosal immune responses of calves to C. parvum infection. 
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